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l the broad technological segment of the human activity. 


FOUE CUME VMVCAI DI rU TURN 
PREFACE TO THE FIRST EDITION 


A better approach to define physics is to know what physi 
are concerned about. Physicists attempt to understand the basic 
that govern the operation of tbe natural world in which we Hine, 
Physics is truly a fundamental sctence, encompassing a ran 


ge 
Subject matter from atoms to galaxies and even beyond, into a | 


miniature world of sub atomic particles and unimaginably armia of 


the nature of universe. 


The techniques and concepts of physics bave been adopted to | 


every other science imaginable such as archacology, molecular 
biology, meteorology, seismology, oceanography, geology, etc. A 
Modern bospital is equipped with laboratortes in which the most 
Physical techniques are used. A knowledge of physics helps, to 
undersiand the basic concept involved and intelligent use of 
everything such as light microscope, electron microscope, X-rays, 
ultrasonic probe (ultra sound machine), C.T (computed tomography) 
Scan, elaborate radiation detection system used in nuclear medicine, 
etc. In short, the physies‘has played a vital role in the achievement of 
Scientific, engineering and technological know-how which are known 
to us. Therefore, keeping in view the role of physics and hence its 
importance “the tracking of new developments and concepts in 
Physics ts essential if we wish to keep abreast of what ts happening in 


Many developments have taken place, since the publication of 
‘Physics Vol I° published by Sindh Textbook Board, Jamsboro. 


_ Keeping in view, the advances made in physics and its relationship lo 
ti other fields of science & engineering, the Ministry of Education 
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‘This book ts designed and written for the first year science 
us Of pre-medical and Pre-engineering groups, strictly in 
accordance with tbe approved syllabus published by tbe National 
Bureau of Curriculum G Textbooks Mintstry of Education, 
Government of Pakistan, Islamabad. This is an Ofictal textbook for 
bigher secondary classes (both Sor pre-medical & pre-engineering 
groups) in Pakistan in general and the province of Sindh in 
particular. : 
Elementary physics textbooks are often classified by the level of 
mathematics employed, this is a non calculus textbook which requires 
the knowledge of bigh school algebra, trigonometry and vectors for 
better understanding of the fundamental laws and Principles of 
Physics with their applications, The language used in the text is 
simple, Straight forward, easily understandable and of the level of the 
comprehension of the Students of ibe higher secondary classes, 
intended for higher studies in enginecring medicine, natural 
Sciences, agriculture, etc 


bas been made to the old CRS system. 


During the Preparation of this edition Starting from the write 


PO the manuscript to its Composition efforts bave been made to keep 


he text free from deficiencies, errors and misprints. However, there 
5 existis a chance of deficiencies, errors and misprints. The 
textbook board, the publisher shall welcome 
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CHAPTER 1 


The Scope of Physics 


1.1 DEFINITION OF PHYSICS 

The colours in the rainbow, the dropping ofa mango from 
the branch of a tree, the rusting of an iron piece; the growing of 
Plants, the motion of bodies, the formation of thé solar system, etc. 
are all phenomena of nature. Such Phenomena lead us to the 
study of science. 

The subject of science is classified into two main branches: 
() =the physical sciences and i 
(u) the biological sciences. 
The biological science deal with living things where as the physical 
sciences are concerned with the properties and behaviour of non- 
living matter. The branch of Physical science which deals with the 
interaction of matter.and energy is called physics. This is based on 
experimental observations and quantitative measurements. 


Physics‘fs therefore an experimental science which depends 
heavily upon the objective observations and measurement of natu- 
tal phenomena. 


The history of physics is as old as the history of mankind. Even 
the cave man was aware of the production of fire by rubbing two 
Stones together. The Chinese for the first time manufactured paper 


ee. Egyptian used to measure the flood level in the river 
ile. 


The people of Euphrates and Tigris valleys were aware of ca- 
lendar and they had the knowledge of geometry. The people of In- 
dus valley were the pioneers of decimal system. 
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‘The history of Greeks Is full of inventions and discoveries p 
the field of all sciences, and specially in physics. Archimedes py 
ciple fs still an tmportant topic in elementary books of physics. Pi 
invented lever and screw, Pythagoras, Galen, Ptolemy, and others 
are famous tn the field of mathematics, astronomy, medicine ete, 
The contribution of Muslims in the field of science in ei 
and in physics in particular will be described in detail in Secta 
1.3. HU 
Significant contribution was made by Gallleo-Galilet (1564. 
1642) through his work on the laws of motion in the presence of 
constant acceleration. Johanne Kepler (1571-1630) was his cón» 
temporary and presented Kepler's law of planetary motion, 

Prior to 1900 AD. physics comprised of mechanics, 
sound, light. heat. magnetism and electricity. The new era of mod- 
em physics began near the end of 19th century. There are two 
main branches of physics now, namely Classical Physics and 
Quantum Physics. Einstein theory of relativity not only revolution- - 
ized the traditional concept of mass, time and energy but also mod- 
ified Newton’s laws of motion for describing the bodies moving 
with the speed comparabie with the ‘speed of light. The other 
branches of Physics are as follows: 

(i) Particle Physics 

(ii) | Nuclear Physics 

(ii) Molecular and Atomic Physics 
(iv) Plasma Physics 

(v) Astro Physics 

(vi) Medical Physics, 

{vii} Solid State Physics. 


1.2. ISLAM AND SCIENCE 

In the-field of scientific research the strong incentive comes 
from no other book and no other philosopher as it comes from the 
Holy Quran. We are told in Surah Nooh. 


“Do you not see how God made seven heavens One above the 
other 2” t 


“And He has placed the moon as a light in them. 
He has made the sun as a lamp 


We are fi 


1.3 


WONTTCVIVDCATDTFTUTURCUUUCTUOUR 
ner reminded in Surah Al-Imran. 
= Surely in the making of the heavens & the earth, 
= And the alternations of the night and the day. 
There are signs for people of understanding- 
Those who remember God standing and sitting 
and on their sides; 
And those who use thought about the make of 
the heavens and the earth, 
“ Our Lord! Thou hast not made this in vain, 
Glory to be Thee, 
So save us from the agony of the fire 
Surah Al-Imran Ayah 190 and 191 
It is again emphasized 
God is He who has ordered the ocean for you that the ships 
may sail there, in together with his command. 
And you may seek of his grace and in order that you may 
give thanks 
And He has ordered for your benefit whatever is in the heav- 
ens and whatever is in the earth, all is from Him. 
Most surely there are signs in this fora people who reflect 


Surah Al-Jastya (Ayah 12 and 13) 


1.3 CONTRIBUTION TO PHYSICAL SCIENCES 
; v BY THE ISLAMIC WORLD. 


Inspired by the Quranic verses and teachings of the Holy 
Prophet Muhammad (S.A.S), the muslims translated the ancient 
book and initiated the Original search at the end of ninth century 
A.D. The famous chemist, Jabir-bin-Hayyan, for the first time, de- 
rived various laws in chemistry on the basis of experiments. Al- 
Battani made calculations in connection with solar system, change 
a Seasons, eclipses of moon and sun and other astronomical phe- 


Conia Remarkable and distinguished contributions were made 


bra. His famous treatise. “H 
this subject. He Inventeq 


prominent mathematicians o 
remarked about him with the following: 


“Omer Khayyam fs the only man known to me who was both a 


poet and mathematician”. 


s a great physicist of the Islamic world, 


Ibn-al-Haitham wa 
work was the book named 


He wrote many books. His master piece 
*Kitabul-Manazir’. It {s the first comprehensive book on light. He 


developed the laws of reflection and refraction. He constructed the 
pin hole camera. The most wonderful chapter of his ‘book is on hu- 


man eye. The information given in it is still valid.and correct. 


Al-Razi was the most prominent and greatest physician. He 1 
wrote about 200 original monographs, half of which pertained to 


medicine. 
Abu-Rehan Al-Berun! was.contemporary of Ibn-e-Sina. lic 

was an astronomer, physician‘and mathematician. He also lived in 
India for sometime during the reign of Moghul emperor AKBAR.His- 
famous book Kitab-ul-Qancon-ul-Masood! 1s considered as Ency- 
clopaedia of Astronomy. 
__ Yakoob Bin Ishaq Al-Kindi wrote many books on mathemat- 
ics. astronomy, medicine and other subjects: 


Ibn-e-Sina was famous for hts original research in the field of 
medicine. He discovered the use of catheters. He gave intravenous 
injections by means of a silver syringe. He 1s famous because of his 
medical text book named. Al-Qanun-Fil-Tib (Qanoon). He als? 
wrote Al -Shifa an encyclopaedia of philosophy. This comprises 
agi Ueatise on logic, physics, mathematics and mela 


= 1.4 PHYSICS AND SOCIETY 
20th century 1s called the century of Physics and due to ) 
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ment in the field of science and technology we are justified 
~ to call tt the modem scieutiNe age. The development in science in 
general and in physics In particular made a great impact on our 


society. On tracing the history of civilization we find that the man 
used to live in caves (caveman) and he was afraid of lightning and 


thunder, With the development In the human knowledge the civilt- 
zation also developed. 

Machines were present much before the industrial develop- 
ments. The motion of a lid of a kettle observed by George a 
son enabled him to invent heat engine. 

In 19th century the scientists were able to use” electrical 
energy. The use of electric motors and generatorsyaccelerated the 
pace of industrialization. With further advancés in the fleld of 
physics and technology, we are using microwave ovens, refrigera- 
tors, air conditioners, vacuum cleaners, washing machines, etc, for 
our comfort and luxury, The invention of radlo, television, tele- 
phone, video cassette recorder and‘others provided not only the 
means of recreation and luxury biit‘also proved a mile stone In the 
fleld of communications and education. 

The intelligent use of)physics Is observed in many fields of 
medicine and surgery e.g:from ordinary microscope to a sophisti- 
cated scanning electron microscope, the use of laser in surgery, 
the use of elaborate radiation system in nuclear medicine, the use 
of ultrasonic radiation for diagnostic purposes. 

The impact of such developments and discoveries on our so- 
clety has. indeed been great and It Is very likely that future discov- 
eres and developments will be exciting challenging and of great 


benefit to humanity. 


L5 MEASUREMENT AND THE SYSTEM OF UNITS. 


~ Quantitative physical measurements must be expressed by 
namerical comparison to some agreed set of standards. Thus all 
Measurements are related to their chosen standards. The necessi- 
ty for ee ards of various kinds has given rise to a number of 


p 


you uoe COY CA AAR Takes’ da ESS 
centimetre, gram and second respectively. : 
In the British engincering system, the unit of force, length 
and time are chosen as the fundamental units. In it the unit of 
mass is a derived unit. The unit of force, length and time are 
pound, foot and second respectively. 


In another system known MKS, the length, the mass and 
time are measured in metre, Kilogram and second respectively, 
In 1960, the genral conference of weights and measures, recom. 
mended that a metric system of measurement called International 
system of units abbreviated (MKSA) SI in all languages, system 
d'internationale be adopted. The SI units are derived fromsthe earl. 
er MKS system, so called because its first three basic units are me. | 
tre (m). the kilogram (kg) and the second (s), Theseare expressed 
shortly. 


1.6 MEASUREMENT OF TIME 


Before 1960, the standard of time was defined in terms of 

mean solar day: Mean solar day is the-length of a day measured 

throughout the year. A solar day Is time interval between two suc- 

cessive appearance of the sun overhead. Thus mean second, repre- | 

senting the basic unit of time, was originally defined as (1/60) (1/1 
60) (1/24) of a mean solar day. The time that is referred to rotation 
of the earth about its. axis is called universal time. For reasons 
which we need not discuss, the length of the day varies throughout } 
the year so that an average value has to be taken. 


A high-precision device for measuring with tremendously 
large accuracy is the atomic clock. The time can be measured toan 
accuracy of one part in 10'*. This is equivalent to an uncertainty 
less than one Second every 30000 years. The atomic clock is tod 
complex a device to be described in detail, but briefly it is a radio 
transmitter giving out short waves (about 3 cm long), the frequency 
which Is controlled by energy changes in gaseous caesium atoms: 
as great advantage here is the frequency (i.e the number of vibrar 

ons per second) of the changes is constant and not subj 
aero. With this much high accuracy of atomic clock, the 
was redefined in 1967. as the time interval occupied by 9192 6317 
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i les of radiation coresponding to a specified energy change in the 
= caesium atom. ; 

s In addition to the basic unit of length, mass and time there 

are ampere, Kelvin, candela and mole in SI. For the sake of com- 


prehension all are given below with brief description. 
1.7 BASIC SI UNITS 

(a) Time - Second (s) 

A second is the duration of 9192631 770 periods of radiation 
corresponding to the transition between two hyperfine levels of the 
ground state of caesium-133 atom. 

@) Electric Current - ampere (A) 


Ampere is the current which, if maintained in two straight 
parallel conductors of infinite length, of negligible circular cross- 
section, and placed 1 metre apart in vacuum, would produce be- 
tween the conductors a force equal to 2x {10 newton per metre of 
length. 

(c) Thermodynamic Temperature - Kelvin {K} 


Kelvin, the unit of thermodynamic temperature, is 1/273.16 
of the thermodynamic temperature of the triple point of water. 
(d) Luminous Intensity - Candela (cd) 


Candela is the, luminous intensity, in the perpendicular di- 


rection of a surface 1/6 000 00 square metre of a black body at 
the temperaturé,of freezing platinum under a pressure of 101325 


newton per square metre. 
fe} Amount of substance - mole (mol) 


Mole is the amount of substance of a system which contains 


as many elementary entities as there are atoms in 0.012 kilogram 
of carbon-12, í 


1.8 Dimension 


The word dimension has special meaning in physics. It Is 
to denote the nature of a physical quantity. Whether a dis- 


Ance ts measured in any units, metres, miles or even light year. ít 


7 


used 


distance and its dimension is length. 


4 The symbols L, M and T are the symbols usually 
di of any physical quantity can always be expressed 
some combination of the fundamental quantities,such as 


length and time. 


-a 


The dimensions of velocity are written as L/T and the 
sions of area are 12. The table 1.1 shows the dimension of ao 


ical quantities. 
-A Table 1.1 ` 


In any equation the dimensions.of a physical quantity must | 
be same on both sides of equation. The dimensional tables attached 
to the various quantities may tréated like algebraic quantities and 
may be combined, cancelled ete just as if they were factors in the. 
equation, | 


Example:1.1 


1 
eh + — at 


` The dimension of various physical quantities involved in the © 
above are 


9, is initia) velocity,a is acceleration and t ts time of 


ey y 
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The equation ts dimenstonally correct. 
1.9 SIGNIFICANT FIGURES 


Let us now investigate how we handie numbers that are not exact, 
Suppose that the length of an object Is recorded as 16.7 cm. This 
measurement {s an approximation to the nearest length of a centi- 
metre and its exact value lies between 16.65 and 16.75 cm. If this 


ust have been recorded as 16.70 cmi. The value 16.7 represents three 
red significant figures (1, 6, 7), while the other value 16.70 represents 
re four significant figures (1 6,7, 0). 

5 


Thus a significant figure is the one which is known to be rea- 
sonably reliable, Similarly, a recorded mass of 6408.2 gm means 


ing. If it was Welghed to the nearest 100N, the weight contains only 


te Second 1s not, the welght could be written 2.50 x10N, dis- 
three significant figures. If tt was weighed to the nearest 


SVOULUDE.CONTICIVIVUALD 1T TU TUME 
N, the AA could be written as 2.500 x10N, four significan, 
ures, If a zeto stands between two significant figures, tt ts Itsaig 
nificant, k 


Ifa measured value is 8.3867, only three of whose digi 

are significant, we round it off to 8.39. A number is rounded 
to the desired number of significant figures, by dropping one 
more digits to the right. When the first digit dropped jg | 
than 5, the last digit retained should remain unchanged, 
the first digit dropped is more than 5 or when it is followed by dj tÈ 
not ab zeros, the last digit retained should be increased by, 


If two numbers are divided or multiplied, the result-has the 
same number of significant figures as the less accurate number, 
For example, the two numbers 4.71 and 5.642 aremultiplied, the 
result ts 26.6 and not 26.57382. Here we can claim three stgnif. 
cant figures only since the less accurate number Is, 4.71, contains- 
three significant figures. 


Problems. 


L Find the area of a rectangúlar plate having length 
1.3 + 0.2 d width (9:80 = 0.10)cm. 
z Sieg Ans (209 Ł 4) em? 
2. Calculate (a) the circumference of a circle of radius 3.5 cm 
and (b) area of a circle.of radius 4.65 cm 


3. Show that the expression S=V,t + 5 at” is dimensionally 
correct, when‘S is a co-ordinate and has unit of length, vis | 
velocity, a fs-acceleration, and t is time. 
4. Suppose the displacement of a Particle is related to a time 
according to expression S = ct?, What are the dimensions of 
the constant c. 

5. Estimate the number of litres of gasoline used by all Paki 
Stan's car each year 
given: 
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CHAPTER: 2 
me i 
Scalars and Vectors 


2.1 SCALARS 


Quantities which can be specified by a number having ap- 
propriate units (positive, negative, zero) are ‘Called scalars. For ex- 
ample, quantities such as temperature,.‘density, volume. etc are 
scalars. The number representing any scalars is known as its mag- 
nitude. The scalars can be compared only when they have the 
same physical dimensions (units). 


Two or more than two scalars measured in the same system 
of units are equal only if they have the same magnitude (absolute 
value) and sign. The scalars are denoted by letters in ordinary type. 
Operations, with scalars such as, division, subtraction, addition 
and multiplication follow the rules of elementary algebra. 


2.2 VECTORS 


Physical quantities having both magnitude and direction 
with appropriate unit are called vectors, For example, displace- 
Ment, velocity, acceleration, force, moment of force, electrical feld 
Strengt, are all vectors, because none of these quantities have a 
complete meaning without a mention of the direction. 


A vector is represented graphically (Fig. 2.1) by a-directed 
line segment or an arrow-head line segment, QP” whose length and 
direction coincide with the magnitude and direction of the quantity 
under consideration respectively. The tall end-Q is regarded as ini- 
tial point of the vector and the head-P is called terminal point of 
the vector, 


o 


14 


Fy. 2.1 ya 


ors are deno AEE b bold faced leerd A,B,C and their m magni- 
Hes are denoted by IAÍ,TBI,ICi>called the abs lute value of 
B,C, respectivel ore frequently we represent € magnitude 
me by the italic letters, symbol, such as A, By  Fespectively. In 
nd writing. it is convenient to put an aír = ove the corre. 
onding letters as A’, B Coy: nd.their saps are denoted by 
B.C respectively, : 
The following definit 
(a) Two vectors oo W have the same 
tude and similar diregtion without any consideration of the 


their initial RAs. fig 2.2(a). Thus 


A = OB vihen | () OA = OB 
W) direction of of OA. is similar to the idirecion of OB. 3 
tör- OA represents a vector OA with opposite dir 


a ein of vector A becomes its initial penta 
s the terminal point while the magnitu 


j 
| 
l 
| 
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tude 2.3 ADDITION OF VECTORS 
‘ly. In Consider two vectors OA and OB Starting at a common 
corre- point O as shown infig 2.3. Let thesè-two vectors be the two adja- 
ed by cent sidesof a Parallelogram.complete the parallelogram OBCA and 
draw the diagonal OC. Assigning the direction by an arrow head to 
BCand AC similar to that. 6fOA and OB respectively we get 
— — 
same BC = OA 
— — 
of the AC = OB 


= OA) is given by a vector OC. (The diagonal of the 


ar ). This is the parallelogram law of vector addition. I tis 
Placing the initial point of BC on the terminal point of 
then Joining the terminal point of BC to the initial point 
- The point O is then regarded as the initial point and the 
AEC is regarded as the terminal point cf the resultant vector. 
ast 
__ 20 of the resultant vector, OC , is then from 1 the initial 
aad OB (le, the point O) to the terminal point of BC (i.e the 
88 shown in Fig. 2.3 This method of vector addition is 
pee He #-to-tail rule and can be extended to accomplish ad- 


“us = 
> B Definition the sum or resultant of the vectors OB and 
(B 


0B 
t and ao 


je re- | 


thi above inportant property of vector comb; 
w in a position to amend our earlier definition 
ying that vectors are quantities having magnitude, 
they must obey the law of vector addition. This comp 
nly takes place with the vector of same kind, velociti 
es, acceleration with acceleration, force with force & 
cal determination of resultant of two ecto 


2.3 consider the triangle OCA. Representing OA, AC 
‘A, B and R respectively, we have by the law of cosines | 


R? = A? +.B? - 2AB CÒS Z OAC 2.2 fa) 


R= y A? + B? - 2AB Co$% Oac 2.2 (b 


; XG 4 
J- 2.2(b) determines the magnitude, R, of the result vector R 
y the law of sines, Á : : 


A E R 
oe 
te ia SinZOAC a 


ines the direction of the resultant vector, Ri 
| => 
AC z ob -B 


Fig 2.4 


Q ` 


AAA COTE “A VERA 
a i òf multiplication 
d straight forward. The 


; BelmlA 
(ù The direction of vector B 
is + ve (Fig. 2.4 [b] ). 


(i The direction of vector Bis opposite to ~~ 
is - ve (Fig. 2.4 [c). that of vector Rir m 


fA 
F & 
7 4 
Ve Y eo 
(a) (b) (c) 


24 
18 same as that of km 


(a) Represents original vector 

(®) Represents new vector after multiplication when scaler 
muliplierAs positive 

(Q Represents new vector after multiplication when scaler 
multiplter, m, is negative 


The multiplication of a vector by one or more number (say 
min) is governed by the following rules: 
mA Y= Am : commutative law for multiplication 2.5{a) 
= =.(mn) A : associative law for multiplication 2.500) 
(meng = mA + nA : distributive law 2.5(¢) 
m D ~ ~~ 2.5td) 
(A+B) =mA+mB ; distributive law 


DIVISION OF A VECTOR BY A 
NUMBER (Non zero) 

The division of a vector A, by a number, n, 13 eraai mang 
“ae multiplication of the vector by the reciprocal 3 


ents original Vector 


B Represents new vector afer dision by number n= gior tions of 
by number multiplier m = 1/n & gular ce 

[ (O Represents new vector when the scalar mulifter's negative, ly as si 
imla vectors. 
he direction of new vector Bis same as that of A, if th . 

is + ve. Fig 2.5 b) g minal p 
direction of new vector, Sis is opposite to that of A, I 3 pa 

ler is - ve, Fig. 2.5 (c): i 
K as the re 

EVECTOR Se à tion of p 

R in any given direction and whose magnitu |Az]are 


RES: COMMCIIVIVCATOTFTOTURCUUUGEE 
a! represent the unit vector. A unit Vector can be 


f obtained by dividing the vector by its magnitude i.e, 


aes 

A 2.6 (a) 
unit vector Specifies the direction of a given vector, 

also R= A a 


2.6(b) 
ghe vector A which has ces A, is Just A times the unit 


vector a î and has the same direction as a as shown inFig:2.6 (a), 
An important set of unit vectors are those having the direc- 

tions of the positive x, y, and z axes of a three dimensional rectan- 

gular coordinate system, and are denoted by i, j‘and k respective- 


ly as shown in figure 2.6 (b). These are called rectangular unit 
vectors. 


Let A, A, and A, be the rectangular coordinates of the ter- 
minal point of a vectorA with its initial point placed at the origin of 
a rectangular coordinate system as shown in Fig. 2.6 (c) Then by 
definition [Eq 2.6(b)] the vectors Axl, 1Ay lj and IĀ:1k are referred 
as the rectangular component vectors of the vector A. Ai in the direc- 

tion of positive x.y and z axes respectively. Also [Az], [Ay] and 
|Az|are called rectangular components of A ‘along positive xy and 
Z axes respectively. 


Aru 


Conversely, the sum of rectangular components vectors pro- 
duces the original vector A, 1.¢ 

~ 

A = Ad + Ajj + Azk 
and the magnitude of A is given by 
A= VŠ + Ay+ & 


We take f = j2= 12 = 1 This shall be explain when we deal with 
plication of 0 vector by a vector. 


2.7 


2.8 


al 
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a n St e 
4) tal =1/ (3)? + (6) + (2) = 7 


as 
mS then the unit vector parallel to A is given by Eq. 


pou ing Eq. 2.8 the magnitude of vector A is given by A 


P 


y 
eA 3i + Gf -2k & 
a z S z ——— KX rf 
IAI , A “a 
6 2 
ee * 7 - > 


i 


ss 
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Fig. 2.7 Free vector shifted and drawn parallel to itself 


2.8 POSITION VECTOR 


Suppose we have a fixed reference point Oy then we can 
specify the position of a given point P w.r. to the point O by means 
of a vector having magnitude and direction représented by a direct- 
ed line segment OP as shown in Fig. 2.8{á)) This vector is called 
position vector. We call OP a position vector, since it determines 
the position of the point P relative to the fixed point O. 


Letr bea position vector-ofa point P relative to a rectangu- 
lar coordinate system defined by unit vectors i, j, k and starting at 


z 


SYOULUDE. CONTC/IVIVORY =J 


“fF = ey + zk 
Where {, f and k are unit vectors. 
The magnitude of T 1s given by 95 


Wi y 
n 2 210 


It is important to note that while all vectors<have compo- 
nents, only the components of the position vectors ‘are known as 
coordinates. > ‘ 


R 
2.9 NULL VECTOR 
We have seen that thevectorscombine or add according to rgd 
the parallelogram law. We would like to examine whether the same 1 
Taw is applicable when two vectors are subtracted. 
> > l 
Consider r two fregkèetors A and B represented by directed — 2.10 P 
linesegments PQ and RS respectively, as shown in Fig.2.9(a). a 
A 
—> 
In Fig. 2.9b}the directed line segment XY denotes the negative Co 
of vector B. ich is equal ani parallel to vector B but drawu in sent the t 
opposite directiu. 2 allelogra 
aan > resents t 
Using the parallelogram law we add the vectors A and -B. P: 
_ The resultant or sum of vectors is given by A + (-B) which represent R 
: difference of two vectors Fig 2.9 (c). Therefore, the parallel R 
Jaw of vector addition ts also valid for the subtraction of ve the 


e, If two vectors are Identical in magnitude and oppo ite | 
fon, then difference vector A + ( -B ) is called NULL or Z 
. . 20 "Le 


WUVeS. CONVCIVIVDCATDTTOUIURCDUUGT 


‘have any direction. Neverthelens = 


though It really does not quite n 


has no direction or 
cos we shall accept it as 
t to our definition of a f 


a 8 


9 
> 
tb) - Ae) 
Fg.2.9 (a) Two free Vectors X ond B 
e (b) Negative of Vector-B x 
(d Difference Vecto A+ (-B) 
d 2.10 PROPERTIES OF VECTOR ADDITION 
@ Commutative law of vector addition. 
~ 
: Consider two vectors A and B . Let these two vectors repre- 
, Sent the two adjacent sides of a parallelogram. We construct the par- 
OACB as shown in Fig. 2.10, then the diagonal OC rep- 
-> 
7 resents the resultant vector R. From Fig, 2.10 we have 
5. 
s Pe A+B 2.11 (a) 
R > 11 
4 is B+A 2.11 b) 
C= 


2.12 


Solution 


tative law of vector addition. 


(il) Associative law of vector addition, 


-= 
Consider three vectors A, B and z. as shown in Fig. 2 Ny, 
using HEAD-TO-TAIL rule, we obtain the resultant (A + B) and 


(B + Q as shown in Fig 2.11. Once again using Head- -to-tall 
rule, we write 
=> 


> > > 
R = (A+B)+C 
> > > = 
R = A+(B+C) 


therefore 

-> 3 > 2> > > 
(A+B) +C=A+(B+C) 
In the language of vector algebra, this-property of vector ad- 


dition is referred as associative law of vector addition. Consequent- 
ly, on the basis of these laws we conclude that the sum of vectors 


remains same irrespective of any ordéror grouping of vectors. 


B B 


A, B c ee 


FY. 2.10 2.11 
Commutative la uy Of vector addition Associative law of vector addition 
Example 2:2 


C 

Represent graphically three displacement vectors OA OB . 
oc having magnitudes OA, OB, OC and making angles of 0°. 
40°, 70° with respect to positive x-axis (measured counter clock- 
wise) respectively. Determine the resultant displacement vector 
and its direction w.r.t, x- axis 


Choosing the appropriate scale of magnitude, the 


J MVS. COTITCIIVIVUCATOTTFUOUIURCUUC TORNA 
l vectors are drawn as shown In Fig. 2.12 
- 2.12{e). For the determination. of the resul 
we proceed as follows: 


la). Fig. 2.12(b) and Fig 
tant displacement vector 


Step 1. First form | the resultant displacement vector 09 by 
combining OA and OB, according to the Parollelogram law as 
shown in Fig 2.12(d). The magnitude and direction of 09 can eas- 
ily be measured. 

Step 2. Combine the vector og and OC by theclaw of pa- 

rallelogram and obtain the resultant displacement:vector OR as 


shown in Fig. 2.12(c). The magnitude and direction of OR can ea- 
sily be measured. 


Alternatively, we can obtain the resultant displacement vec- 
— 

tor OR by assuming all vectors as free vectors and simply using 
the Head-to-tail rule as shown in Fig. 2.12 (Í) observe that 


» — 
() AQ = OB, whose initia! point lies on the terminal 
; - 
point of OA 


— — 
lü) QR = OC, whose initial point lies on the terminal 
—— 
pointof AQ 


—_— 
As thévector OR represents the resultant vector, its magni- 


tude OR | is given by its length and the direction is given by 
ZROA. 


From Fig.2.12( f). we observe 
oe — oOo 
OR = OA + OB + OC 


OR 4 OA+ OB + OC 


DUDE. COMIUCIIVIVCAITDITUTUFY 


Fy. 2.12 Id) Sum of vettors OA and OB 

(a) A directed ine segment HA” te) Sum of vectors OA’, OB and OC” 
() A directed line segment OF (j) Sum of vectors OA’. OB’ and OC” 
(A directed nesegment OC  obfáiried by applying Head-to-tatt rule. 


Example 2.3 
A point F P is subjected to six different forces such as F,. Fa 


E. F,; F. F,» F, as shown in Fig. 2.13 (a). Find out the resultant 


force at the point P. 


Solution 
Assuming all vectors as free vectors, we begin by first draw- 


ing the vector F, parallel to itself as shown in Fig 2. 13 (b) Applying 
Head-to-tail rule, w we place the initial point of vector F, on the ter- 
minal point of F, in such a way that the vector F, JTemains 
parallel to itself. Then we e place the inital point of vector F, on the 
terminal point of vector F, while maintaining the original direction | 
and magnitude of the Vector F, and so on, till the initial point of 
F, ts placed on the terminal point of P Finally, join the terminal 
point of vector F, with the point P and this gives the resultant vec 


24. 


MVS. CONUCIVIUCATDTTUlORCOUG 


—> _— _ 
E Fa + F, + F, + FT 


-> 


The force equal and opposite to R (LESR ) when applied 
the point P will prevent any displacement of the point P. i 


. Example 2.4 


Given three vectors A ,/B and č as shown in Fig.2.14(a) 


oc” construct 

Tou = > > = lowe 

- fa) A -2B + 2C W) 4C - 3 A-B) 

— — 

F,. F2 

sultant 

t draw- 

pplying 

he ter- 

mains 

on the ee : direct 
recuion PQ.2.14 (a) Vectors A. B and C of gwen magnitudes and directions: 
oint of aint proce novel aaa 

Sa 5 4 F A R 


| JE the newly formed resultant ven ; 
= theses which is made half and drawn 4 
pposite direction to make it - 3 (2A - B) and then combined 


th 4c to form the Pe VSR 
} AND COMPOSITION BY 


COMPONENTS “Be 


The graphical) method already discussed (ar the addition of 

ors is inconvenient for vectors defined in*two omthree dimen- 

ons. Keeping in view this situation we now discuss a method for 

dition of vector, which is analytical..Here the givet vector is re- 
olved into components w.r.to a particular coordinate system. 


Consider a vi A whose-initial point is placed at the origin 
two dimensional ti itesystem. Pegs 15(a)- 


(i) From the termini bis af thevector A fig.2.15(b), we 
w two perpendicularJines PQ and PS makis and y-axis, re- 


iy a TA 
(ii) The line: òo “Ay as it is 3 directed 


ng De x-axis and the mae PQ is res by the vector. Ay and 


FQ. 2.15 (a) A vector A and perpendicular x and y axes 
(b) Fhe components of A \ are A. and Ay - 
x (J Pesotution of vector A onto tts scalar commana 
g Resolution of vector A into lts vector components 
S 5 
A. Ay and Ay represent the magnitudes of ALA xand 
ly. ; : 
a vector is resolved into its rectangular components, the 
are then used to specify the vector. These components 


like scalar quantities as depicited in Fig. 2.15 (c 
é Bee can obtain the orgnatie eam 


PEA as composition of a vector. To obtain magnit 
tion, we refer to Fig. 2.15 (b) j 


a ayy ta 4a 


A 
tan@ == 2.1 
Ene 
A 
@ = tan’ =. | 2.19 
Ay 


Where 9 gives the direction of the vector w.r.t the +ve X-axis 
measured counter clockwise. À 


= 
When the vector A is written in terms of its components and 
the rectangular unit vectors fig. 2.15(d) such as “ 


is Ad +A j l 2.20 


then the quantities Ad and Aj aré referred to as vector com: |. 
Ae À 


ponents of A. 


Thus we can pass back and forth between the description of 
a vector in terms of its magnitude A and direction 9 and the quiv- 
; alent description in terms Of its components . 


Having dealt with the resolution and the composition of a 
vector, we now tum toward its application. The resolution and 
composition ofa vector provide an analytical tool for addition of 
any number of vectors in a given coordinate system, Once again 
We restrict-our discussion to two-dimensional coordinate system. 


S 


The method follows as under: 


Step: 1 Resolve each given vector into its rectangular 
components Le, x-component and y-component. 


Step 2. Find the algebraic. sum of all the individual x- 
components, the sum then represents the compo 
nent of the sum vector along x-axis. 


f ep: 5. Find the direction (i.e the value of angle @ w.r.t, 
+ve x-axis measured counter clockwise of uae 
sultant vector. 


2 ADDITION OF VECTORS BY RECTANGULA 
“COMPONENTS oe 


S 
N 


j Consider two vectors A, and Ay having magnitude Aand A, 
respectively. The vector A, makes an angle ©, and the vector A, 
makes an angle ©, mith the + ve x-axis as givin in Fg 


Ø Resolve the vector A. into its rectangular components A, y 
: and Ay as shown in Fig. 2.16(b). tie magnitude of these compo- 


‘nent vectors is given by 


A = Rut Ae 
Ay 2 (Ax? Ax) 


f vector A, into its Lee components A 
n Fig. 2.16(b) then magnitude of each compe 


Ay 
b 


\. 


ne component vectors along x-axds 
Te (A Ai & 
ie sum of the magnitudes of x-componentsie given K 
+ Az 
= A, = + A cos9, 
_ Similarly the sum of component vectors along y-axis 


z / 
bE Riy + Ray £ 2.25 
< | 
= (A, + A, 
S0 
um of the magnitudes of y-components is given by Me 


=A y 2.26(2 


the positive x-axis to be east and positive y-axis 


th direction Fig 2.17. First we draw the line OP=4em 
‘lem)along the +ve x-axis which represents 200 km 


nent vector A. Next we draw the line PQ=3cm which 
J angle of 60° with +ve x-axis measured counter 
this represents 150km displacement vector A, 
nitudes of x-components are 


| F Ay = A sin60"= 150km sin6o" = 75)/3 im 


The sum of the enn OF y nE V 
aad ` 


Q 
y= 75/3 km) <9 x 
Step 3. < 
The magnitude of the resultant vector is ven by wt 
` r 
aii ET Oa ] a 
= 5 ¥ method | 
: E = Y/ (275) (km)? + (75 1/3) cm)? anal 
ee A = 304.138km -more tha 
A 751/3 (kn) Exam 
` tan® = —% “ee. ores P 
Ax K a 
0 = 25.289 ansaid 
[s Peseta feta vector = 304.138 km and direction 
t nt vector Is 25.28° north of east. 
+ 


W 


UE CUNVCIVIDUAT DIT U TURCU 


A z A, A, 
— 

E o a Na 

A, A 
—— ec. 

Sin ZQOP Sin ZOPQ 
. A 
sinZgoPp). a sinZOPQ 
150km 


= 3oa138km ®"120 = 0.4271 
+ @ = sin’ (0.4271) = 25.28° 
which gives the direction of the resultant i.e; 25.28°north of 
east. 
The two methods produce same results, However, the second 
method is restricted to the addition of.two vectors only, while the 


first is more gener2} and can he usedcto find the sum of two or 
-more than two vectors. 


Example 2.6 


Three Coplanar vectors with reference to a rectangular coor- 
dinate system are 


| represents the sum of these v 


rs A. B and © can be expressed in terms 


is and unit vectors as SS =e 
; scalars, 
to gener 
low: 

(A) S 
T 
multiplie 
p is a scal: 
= Ay + By + Go 5 + 3+(2) #6 Co 
- Ay + BS, = 2+4 +2 a4 “ 
" (a). The ; 
esultant vector is then given by Product , 
= 1R +j Ry between ; 

X. p 


Aife 


CONVTCIMUGATOTTUTURE 
fe some 


p =- > ~ 
vectors A.B.C, and R are drawn in Fig. 2.18 The angle 8 
es the direction of the resultant vector w.r.t +ve x-axis measured 
nter clock wise from the +ve x-axis, 


2.13 THE DOT PRODUCT 


We have studied earlier the multiplication of a vector bya 
number, we now ium to multiplication of a vector by a vector. Like 


scalars, vectors of different kinds can be multiplied by one another 
to generate quantities of new physical dimension as explained be- 
low: 


(A) SCALAR PRODUCT OF TWO VECTORS 


The operation of scalar product ofstwo vectors involves the 
multiplication of two given vectors in.such a way that the product 
is a scalar. 5 


Consider two vector A and B having magnitude A and B re- 
spectively and having angle 6 between them as shown in Fig.2.19 
(a). The scalar product*of two vectors A and B is defined as “the 
Product of magnitudes of the vectors and the cosine of the angle 
between them”sThus 


AB ABcos@; 024@02n 2.29 
X T 


the angle 6 between A and B is the smaller angle between 

the positive direction of A and B, i.e 6 & 2n - 0, which is inequality 

between two possible choices. The quantity (ABcos@) is a scalar 

’ ity, hence the name "scalar product”. The quantity ABcos® Is 
e called dot product of the two vectors A’ and B°. 


perpendicular to B, i.c 0 = 90°, or one of the tyl 
is a null vector then 


a ayir a 
vectors i,j,k Be aoir to ea 
1 2.33 - 
` : FQ. 2. 
t= SD =jf.k=k.i =0 2.34 
MUTATIVE LAW FOR DOT PRODUCT : 
ows from the knowledge of projection of one vector onto wi 
ec n of another, that the Scalar product of vector A’ and on 
; B ts equal to the mangnltude, A, of vector A times the pro- eq 
of vector B onto on of A as shown in Fig. 2.19{b) - 
c versa as shown tn Fig. 2.19(c), f.e., 
From ng 2.18 D 
> 
A. 


B= A, — 2.35 


i ‘ fi A c X ; 

= Mg. 2.19 (a) Two vectors A and B and having angle @ between them 
(b) Projection of vector B onto tħè-direction of vector R 
(c) Projection of vector A onto.tiie direction of vector B 


- 
where A, represents the projection of vector A 


Onto the direction of vector B comparing eq. 2.35 and 
eq. 2.36, we get 


s the scalar product of two vectors does not change with 
e In the order of the vectors to be multiplied, Hence scalar 
f two vectors obeys commutative law for dot product, e 


K 
NO 


uate the scalar product of the following: 
ii i) ik (ii) k. (GQ) 

(2i -j + 3k). (3i 2j -k) 

(i - 2k). (j «3k) 


‘ NS $ 
rei.jand k répresent unit vectors along x.y and 2 axes of 
onal réctangular coordinate system. 


lon © 
me 


= lil lil Cos0® =1 
= lil ik1Cos90° =0 
kli+j) = k.i+ kj 
| = Ik li tcos90° + |k] | cos90° 


(ie 2f 42k) 


V me ar ao 


o OELE 
3 T o 


01 nof Bector aie the direction of vector ò is 


© com =e = 8/2) 
oe =. 67.6" 
— pxample 2.9 


Find the work done in moving an object along a straight line 
from (3,2,-1) to (2,-1.4) in a force field which 1s given by 
F = 4i- 3j + 2k and also find the angle between force and displace- 


ment. 
Solution 


Let W represent. work which ts given by. 
- =~ 
W= F.d 
where F is applied force 


Pi is displacement which is given by 


d. =a (x-x)i + (up ypj + (zoz) k i 
= (2-63) +-(-1-42)f + (4-(-1) k 
= (-i) + (-3j) + (5k) 

Be): + (3) + (5k) 

Wo e.d = (At -8f +2). (1-35 45k) 
= -4ti + Yi + 10k.k 

o +9510 = 15 

By definition 


Wo os F.dsFdCosd 
Where @ is the angle between F’and 3° 
DW = Fdcose 


Al 


HE CROSS PRODUCT 


preceding sections, we developed and discussed the ki 
uplication of two vectors in such a way that their resul- 


uct Is a scalar quantity. When dealing with quantites 
torque, angular momentum, the force on a moving charge 


magnetic field, flow of electro magnetic energy. etcwe tum to 
nultiplication of two given vectors in such a Roh 


Consider two vectors A and B, the Vector Product of these 
two vectors ts denoted by AxB . arid’read as "A cross E, The ~ 
cross or vector product of A and B, a new vector © =AxB, by 
definition the vector C is perpendicular to the plane containing the 
vectors A and B. By definition.) the magnitude, 1 A x Bl, of the 

| ross product or the magnitude, ICI, of the vector © is given.by 


o 4° sno L025 2.39 


F Where A and B, mast the magnitudes of vectors A and F E 
Tespectively. Blis smaller angle between the positive direction of A 
dB lLesf$2r-0, 

ra 


e vector C = Ax Ð, which represents the cross or vec- 
uct is perpendicular to the plane containing vectors A and 
nition) 2nd points in the direction in such a way as to 
and Ç. in that order, a right handed system as abe 


oes TONVCMULATDYFTUIUNEE 


Fig. 2.21 shows vector product x Bin right, handed coordinate system, 
Fig. 2.21(a) shows the direction of the vector Č ts that in which a right hand- 
ed screw advances when turned from A to B 
Fig 2.21 (b) shows the direction of the vector D changes through 180° when 
tumed from B to A. 
Fig. 2.21 (o)The area of Parallelogram ts given by the magnitude of the cross 
product 
= ~ 
Similarly a right handed screw\turning from B to A defines 
aia z 
the unit vector - u . then 


D =(BxA) = [BÀSin0] (-w) 2.41 (4) 
=(BXxA) =< ={[BAsin6) (W 
oo ==(B XA) = [BAsing} å 2.41) 


The quantities AB sin 0 and BA sin 9 on the R.H.S. of Eq 2-4 
and 2.41 (b) being the magnitudes are equal 


eg vt 
RxB wa B xA or © =-D’ 2.42 


The Eq: 2.42 signifies that the commutative law for cross product 
is not valid. 


.> > -> > > -> 
AxB = -BXA or C=-D 
The Eq. 2.42 signifies that vector multiplication is not com 


To give physical interpretation of vector product of two ra | 


2.17 


C = ABsin@ 


C=AxB 

the vector product, A) x B, is perpendicular to the 
plane containing both A and. B. Comparing eq. 2 -43(b) 
and Eq 2.44, we conclude that the cross product ds 
perpendicular to the parallelogram defined by vector A 
and Vector B and its magnitude is equal to the area = 
the parallelogram. 


[E PHYSICAL EXAMPLES OF VECTOR 


PRODUCT. 


i) The ~pileg = of a vector product is the moment 
e about)a point O, defined as 


RAF 


Sr isa vector fining the point 'O' to the initial point of © 


tr TEN q. moving with velocity v in a mag- i 


- +A,j+ Ak 


R Bi +B,j+ Bk 
or ee oduct will A written as 


= 8) - 6, 7 
the cross product of vectors R, and R. 1s 


as R, R, sino 


y3 


- EEN Xe i 
F 2 


SS š 
AS the vectors R , and R, lie in x-y plane, thetefore the vector 
enting cross podiet lie paraliei to zan 


Example 2.12 Sy 


Two sides of a triangle are formed i the vector Ae 3i + 6j 
_ =2k and vector B- 4i-j+3k. 5 iin the area of the triangle. 


Solution 


i The area of triangle in terms of vector prodit is given 
Ee. =< 
y ee 
AxB = 6j --2k) x (4i šj + 3k) 
Sst x (4i -j + 3k) + 6j x (4i - j + 3k)- 
w 2k x (4i - j + 3k) 


18jx k - 8k xi + 2k xj - 6k xk 


= 16%- 17j + 27k 


gi 
Par 2 +e ie 


=  i(18-2) + J(-8-9) + Kk (-3-24) 


"9 16 - 17) - 27k as 
V (16) + (-17)° + (-27)° = = 
PR 
; y 1274 1. 
vectors. 
a) 
3 
ne a ünit y vector perpendicular to the plane © = 
A andB, UR = 21-3 -t. B= i +4j-2k (7) 
“as (9) 
O (11) 
O (13) 
01 eae vector which is perpendicular to th 5) 
B and wa 17) 
ke (19) 
Ans: 


E +4j-2k) 


[244 a]. 2 ol 
daek 1 


ad 


FOULUDE COM ChVIDLATD ITT UPUMEL 
í unit vector parallel to A xB Is given by Eq 2.6 


me PR 10f + 3j +11k 
f (10)° + (3)* + (11)? 


10i +3j +1lk 


llk 


T r 
y 230 230 


PROBLEMS:- 


1. State which of the following are scalars and which are 


vectors. 
(1) Weight {2) Calorie 
(3) Specific heat - (4) Momentum 
(5) Density (6) Energy 
(7) Volume (8) Distance 
(9) Speed (10) Magnetic fleld intensity 
(11) Entropy (12) Work 
(13) Centrifugal force (14) temperature 
E (15) gravitational potential (16) Charge 
(17) Shearing stress (18) frequency 
(19) Kinetic energy (20) Electric field intensity. 


(1) vector (2) scalar (3) scalar 
(4) vector- (5) scalar (6) scalar 
(7) scalar (8) scalar (9) scalar 
(10) vector (11) scalar (12) scalar 
(13) vector (14) scalar (15) scalar 
(16) scalar (17) ‘vector (18) scalar 
> (19) scalar (20) vector : 
_ 2. Find the resultant of the following displacement: 


= Ä = 20Km 30° south of east: 


e flies 400 km due west from city A to city B, 
s to city C. and finally 100 km north to cityD, | 
A to D? In what direction must the aeroplane 


at 31° east of south., Ro 
: A 


= 


> > 
graphically that-(A- B)=-A +B Ue 


Q 
> N 

vecto! R. B. C and D as shown in figtire below. 

=> > -> 

4K -3B - (2C +2D) 


+ 3j -k, 1 
unit vectc 


An 


fa) 91- 4J - 6k (b) 1/93 (c) 398 (aA - 28 + 4f /338 


8. Two tugboats are towing a ship, Each exerts ATorce of 
and the angle between the two ropes is * Si Caleta the 
nt force on the ship. 


Ans. 10392 N 


_ 9. The position vectors of points P P and Q are given byr, = 2i 


> = 4i - 3j + 2k. Determine PQ in terms of rectangular 
ector i, j and k and find as magnitude. 


Ans. 2i -6j + 3k, 7 
K 


. Prove that te vectors A = 3i+j-2k, 


ats a5 + 4k,C=4i -2j -6k, 


3f4, 4/150 


e rectangular components of a via 


MEST Wey OULUDE CONV CIVIUUCAT DT TUTONG 
j (iW) A, = -9.6 unit, Ay= -11.5 unit 
d ; (MAg = 9.6 unit Ay= - 11.5 unit, 


_ 12. Two vectors 10cm and 8cm long form an angle of (a) Eq, 


(b) 90° and (c) 120°. Find the magnitude of difference and the ange 
with respect to the larger vector. 


Ans. 9.2 cm,49° (b) 12.8 cm, 38° 41 (c) 15.6 em, 26°.22 


13. 3. The angle between the vector A and B ts 60°. Given tha 
\At = Bisi; calculate (a) IB-Al: (b) IBAI 


Ans (a) 1, (0) /3 


14. A car weighing 10.000 N on a hill which makes an 
angle of 20° with the horizontal. Find the components of car's 
weight parallel and perpendicular to the road. 


Ans. Fy = 3420 N, Fy = 9400N 
5. Find the angle between A= 21 + 2j-k and 

B=6i -3j +2k. 

Ans. 6 = 79° 

16. Find the projection of the vector. A = i -2j +k onto the 
direction of vector B= 4i - 4f +7k, 

Ans. 19/09 

17. Find the angles: Œ , B, y which the vector 

A=3i -6f +2k makes with the positive Xy.z axis respec- 


Ans. Q = 64.6", B = 149°, y= 73.4° 


i 18. Find the work done in moving an object agi ? 
N = 3i+2j-5k seen ceived force is f’ = =2i-j-k. 


Ans.9 


JIKO 


obje‘ 
yon 
yon | 
whet 


>} 
wy 


FSGS CONVCIVIDUCATD TTUTUREUOe 


he i, the velocity is 2m/sec. 


4 6 
Ans. (a) 1.35 x 10°, 6 x 10w {b} 1.03 x-10°5, 4.60 x1dy, 


-> er pi ~ 
20. Two vectors A and B are such that IA I= 3,1B I= 


4, and 
R.B. =-5, find 


> > 
_ (a) the angle between Aand B 


> 4 
(b) the length | A + B land 1A-B) 


(c) the angle between (A + B) and (A-B) 


Ans. (a) 114.6° b) 1/°15. V 35 (c) 1075.8 
_21.1f A =2i-3j-k.B = i+ 4j 2k. 

-> > => > pn > > > 
Find (a) A x B. (b) Bx A. (c)(CA + B )x (A-B) 
Ans. (a) 10i + 3j + 11k (b) -10i -3j -11k 
{c) -20i -6j -22k 


22. Determine the-unit vector perpendicular to the plane of A= 
2i-6j -3k and B = 4i +3j- k 


3 2 6 
Ans. Hyi zi + 7% 


23. Using the definition of vector product, prove the law of 
Sines for’plane triangles of sides a, b and c. 

` : 

Ans. sin A/a = sin B/b = sin C/c 


= 
24. If r ı and T, are the position vectors (both lie in xy 
Count making angle 9, and 83 with the positive x - axis measured 

l Clockwise, find their vector product when 


E ; 
ri = 4m 8, = 30° 
~ 

ri! = 3cm 
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CHAPTER: 3 
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3,1 DISPLACEMENT 


The change of position of a body in a Particular direction is 
called it displacement. By definition it is a vector quantity. If a 
body moves from a position A to another position’B. as shown in 
Fig.3.1(a) we can represent its displacement by drawing a line from 
Ato B. The direction of displacement can be‘shown by putting an 
arrow head at B, which indicates the direction of displacement 


B 
B 
| 
| 
A 
A 
Fig. 3.1 (a) Fig: 3.1 (b) 


from A to’B. The actual path of a body may not be a straight line 
from A to B, it may be a curved path as shown in fig.3.1 (b). The 
alow represents the direction of motion of the body. 


3.2 VELOCITY 


The velocity of a body is defined as the change of its dis- 
p t with respect to time. Alternatively it 1s also defined as 
the rate of change of its position in a particular direction. 


55 


WOUNE. COMVC/IIVIDUAT DI TU PENE 


Consider a body in motion. The path of its motion Is repre, 
sented by line AC as shown in Fig 3.2 


(0) 


Fig. 3.2 
At time t,, let the body be at point P in Fig 3.2. Its position as 
this instant with respect to origin O, is represented by vector OP=r 4 


Ata later time tz, let the body be at point Q. described by vector 


As the body moves from P to Q in time ât =t,- t, it under- 
goes a change in position ôr = (r, - r,). 

‘The displacement vector describing the change in position 0 of 
the > body as it moves from P to Q is Ar which is equal to ( r - 7) 
Le ar= ( r, r re and the time for the motion between these two 
points is St, Which 1s equal to (t,- t,) Le-At = (t,- t,). The averagt 
velocity of the body during this interval is defined by 


=, 
Day = Ar _ displacement 3.1 
At time 


The rate of change of position of a body in the direction d 
displacement is called velocity. 


o 
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graph also. 


Whe! 
distances in 
will be a st 
A, on the g 


E t is. a body is said to have ii. veloci! 
stances In equal intervals of time in a given dir 
interval may be. The S.I unit of velocity Is wo nce second 


3.3 VELOCITY FROM DISTANCE - - Taste GRAPH:- 


The velocity of a body can be determined by distance time 
also. 


When a body moves with uniform velocity it will travel equal 
es in equat intervals of time. A graph of distance against time 
e a Straight line as shown in fig. 3.3 (a). If we take any point 
the graph and Gray A perpendicular AB ae the time axis, It is 


| ae, 


Fý: 3.3 (a) Uniform Velocity 


nts the distance travelled in the 


FVOUWWVE CONMICIVIDEATDTTUOTOTY 
The ratio > 1s called the velocity of the body. 


Fig. 3.3 (b) represents a graph of distance travelled in a gy, 
en time by a body moving with variable velocity. If we want to fing 
the velocity of the body at any point, say A on the curve then we 
draw a tangent EG to the curve at point A and obtain a right an. 
gled triangle E F G and measuring its slope. 


GF 
Velocityat A = —— 3.4 


EF on 


Fg: 3.3 (b) Non-Uniform Velocity 
3.4 ACCELERATION :- 


We have just defined that the velocity of a body is the dis: 
tance covered by it inca particular direction in unit time. It can 
be changed by a change in its magnitude or its direction or both. 

' When ever there: ia change in the velocity of a body, the body is 
_ said to “reg acceleration. By definition acceleration is a vet 
tor quan 


| Suppose that at any instant t, the body is at point A andis | 
: moving ‘with 1 velocity V, At a later time t, it is at point B moving 
with velocity V. V0 


_____ The average acceleration @, during the motion from Ato8 
is defined to be the change of velocity divided by the time interval" 


If the 
ative. the n 
celeration. 


ition being a vector quantity has the same 
- x 


in the limits of a very small At the average acteleration will 
oach the value of tnstantancous ae the instan- 
y a. a. is defined as S2 


lim AV. a6 
Ato At $ i, 7 


l fth velocity of a body-is decreasing the aiii is neg- 
me megative acceleration is also known as retardation or de- 

r S 
: » i 
S.l unit of ‘acceleration is metre per second per sec- 

nas m/s? 


=e 


ATION FROM VELOCITY - TIME 


h fa) uniform erent ss and (b) n 
bilme en was used to di 


Gs] 


4 
< ; i > # PY 
‘ | 8 the 
v 
3 i Sf TE oe ae 
> | | Now 
el! 
O mm G. Lime N ll 
pista 
Fg. 3.5 (a) uniform acceleration (b) Non Uniform acceleration Pit 
From Fig 3.5(a) and 3.5(b) the cai- 
tii -A Disa 37 
Acceleration 00 
I P= MN 3 a 
Acce eration atP = TN 8 
3.6 EQUATIONS OF UNIFORMLY ACCELERATED 
RECTILINEAR MOTION 3 
We have studied that if a body.is moving with constant accel- Simi 
eration a, its initial velocity is Vj.and after time 't' its final velocity 
is Vy. Then the motion of thé-body is governed by the following epee 
equations. i Time 
: Vp = Vi +, at Eem App! 
S = y mo = (2) 
vf SOV? + 2aS — 3 e 
Example 3.1 Now 
As the ol 
traffic light turns green, a car starts from rest with â £, 
f constant pony tion of 4 m/s*. At the same time, a motorcyclist =k 
the ear Find . Speed of 36 Km/h, overtakes and pass¢s Putt 
a i How far beyond the Starting point will the cat s 
es the motorcyclist (b) what will be speed of the car at tht 
it overtakes 


the motorcycle, 


t t be the time during which this distance "S" is 


wv 
RS 


= Similarly for the motorcyclist 
speed of the motorcyclist =v=356 km/h = 10 m/s 
Time = t seco > 


Applying eq 


© 


Cs 


The speed of the car at the time of overtaking is 20 m/s 


starts from rest and moves with a constant accelera- | 
ing the Sth second of its motion, it covers a distance of 36 
culate (a) the acceleration of the car (b) the total dis: 
by the car during this time. 
S 
~~ 


otal distance covered by the car is "S". Let "a" 


125a ———_—_______, i) 
rly distance covered by the car in 4 seconds z$ 
Bilis Velocity of the car Vi = 
i ‘Acceleration = a æ ? 
_Timetaken = 4 seconds. 
_ Using the Eq. 
i S = Vt + p at? 
we get 4 


ASS 5 oe (4)? 


2 
Sees (2) 
Now the distance tovered by the car in 5th second 


ss, - S= 36m 


: Suburacung Eq. (2) from Eq. (1) and putting these values 


12.5a - 


4.5a 


36 


a = 8 mat 


° SVOUWUDE.COTTIC/IWVIDUCATDOTTUT 
Applying the equation A 


S z yt+ > a 


we get 
1 2 
S, = 0x5 + 2 x 8 x (5) 
a Oo «+ 4 x 25 
= 100m 


3.7 MOTION UNDER GRAVITY 


The most common example of motion with nearly consa 
acceleration is that of a body falling towards the earth. This accel- 
eration is due to pull of the earth (gravity). If the body moves towards 
earth, neglecting air resistance and small changes in the acceleration 
with altitude. This body is referred to as free falling body and this 


motion ts called Free Fall. 


Such type of vertical motion underthe action of gravity is 
good example of uniformly accelerated\ motion. The acceleration 
due to gravity is usually represented by g. Replacing acceleration a 
by acceleration due to gravity "g the equations of motion becomes 


mo * & 
S = ts > ev 
i 
In S.I system the value of "g'is 9.8 m/s? 
Example 3.3 


A ball is dropped from the top of a tower. If it takes 5 sec- 
onds to hit the ground, find the height of the tower and with what 
velocity will it strike the ground. 
Initial velocity = Y= 0 


Acceleration = a= +g = 98m5? 


ground 


ion 
na 
nes 


(The acceleration is positive because hedi 
motion 1S down ward) 
Height of the tower = S = h 
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rection of initial 


Time = t = 5 seconds 


To find the height of the tower we will use the equation 


S = t+ g 


(aa 
u 


5 seconds 


a =g =98m/;* 


Applying Eq. 
V Y + st 
=0+98x5 
= 49.00 m/s 
Example 3.4 


A ball ts thrown vertically upward with a velocity of 98m/s 


(a) How high does the ball rise? 

(b) How long does it take to reach its highest point? 

tc) How long does the ball remain in air? 

(a) With what speed does the ball return to the ground? 
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on 
eS 
in this case is taken to be negative because the 
rected upward. Á N 
the equation we get 
Vv 2aS 
- (98)? = 2(-9.8) x h 
98 = -19.6 ) h, 
= 98 X 98 
í Ra x 98 
NY 19.6 
i « 
the time taken by the ball to reach the highest 
obt by equation 
W = Vi+at 
locity; = 98m/s 
VY = 0 m/s 


= 490 metres 


= -g =-9.8 m/s? 


Jl remains in air duthg the time interval in 
point of projection to the highest Point 

to its initial position, Let this interval be T 
cement after T seconds is zero. The value of 7 

y the equation e 


im 
and then 


be 


5 Vit 
initial velocity Vi 


a 


20 seconds 


j) 


i. When the ball returns to the ground, its net displacement 4, | 
` zero and the velocity with which it returns to the ground can by 
_ calculated by the equation 


i a 2 


S 
u 
$ 
m 
n 
` 
© 
_@ 
3 
` 
a, 


Acceleration = 
Initial velocity = Yo = 98 m/s 


Final velocity = 

Displacement Fd 
oy - (98)? = 
> y? = (98) 


vnc 


x (-9.8) x . (0) 


+98 m/s 


The value + 98 m/s corresponds to the instant when the ball 

was projected up and thus -98 m/s is the velocity with which the 
ball returns to the ground. The negative’sign tells us that the direc- 

tion of motion of the ball. when it-returns is opposite to that of ini- 


tial velocity. So the ball returns’ with a speed of 98 m/s in the | 


downward direction. 


3.8 LAWS OF MOTION 


Issac Newton)studied motion of bodies and formulated the 
following laws: ` 


{i) \WNewton’s First Law of Motion. 


“A body remains at rest ar continues to move with uniform 
velocity unless acted upon by an unbalanced force”. 


The law consists of two parts: (1) the first part states that? 
= body cannot change its state of rest or uniform motion in a 


line itself unless it is acted upon by some unbalanced foret 


j 
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Fror 
harder, i 
force exe: 
force act 
Portiona] 


or 


7 WYOUUDE.COMICIVIVUATDITFUTOURCUUG 
pange ita state. It can also be stated that a mo t 

Saed upon by some net force would have fres ie body when not 
form motion in a straight line, motion, that ts, uns. 


» Fo 
which when applied to a body, changes or tend ree ls an agency 


of rest or of uniform motion 1.¢ produces acceleration in the body 


This law is also called the law of inertia because it potnts'to- 
f js a very important property of matter which is called inertia, 


Inertia is that property of matter by virtue of which If it is in 
state of rest or motion it tries to remain in that state: 


_ If two bodies of different masses are moving with the same 
velocity under identical conditions, it will be-more difficult to stop 
or change the motion of the body of the larger mass, because the 
body with larger mass has more inertia than the body having less- 
er mass. Thus the mass of a body is a direct measure of Its inertia. 


{il) Newton’s Second Law of Motion. 


From every day experience we know that, if we push a body 
harder, it moves faster. Its velocity change in the direction of the 
force exerted, from such experiences it is established that when a 
force acts upon a céttain body, the acceleration produced is pro- 
Portional to the force. Symbolically it can be expressed as 


Fr Xe a 
SF = ma 3.9 


Where F ts (vector) sum of all the forces acting on the body. 
Mls the mass of the body and the equation 3.9 can be regarded as 
A statement of Newton's second law of motion. 


The eq: 3.9 can be written as 


MYOU DECOM CATO Y TUN 
m being constant it can be stated that acceleration of , » 
ody is proportional to the resultant force acting on it anq the | 
rection of acceleration is same as that of the force. It ts algo 
from the above equation that the acceleration for a given force 
inversely proportional to the mass of the body. 


4 The second law of motion provides us a means for the 
titative measurement of force as well as mass. Quan, 


F - (ii) Newton’s Third Law of Motion. 
; Newton's third law of motion can be stated as follows; «~| 


i. 
n 
k 


“To every action there is always an equal and opposite Teac. 
tion”. 

When a body A exerts a force on another body:B; it is called 
the action of the force A on B. The body B will also exert a force on 
body A, which will be equal in magnitude but opposite in direction, 

This force is called the reaction of B on A. 


Let block A strike block B with a-force Fei and the block B 
will also exert a force F,,, on the block A which will be equal in 
magnitude but opposite in direction and further more the forces lie | 
along the line joining the centres of mass of the bodies. therefore 


= ER 
Ee a anA and “aos = Fana 


Fig. 3.6 3 ? 
` Example 3.5 


A car of mass 1000 kg travelling ata speed of 36 km/hout 6 
' brought to rest over a distance of 20 metres, find (i) average ret" 


70 


RUDE. CONICIVIDUCATDTTOTUNGCvUUUR 


ty on (ti) average retarding force. 
*  Massofthecar = m = 1000 kg 
Initial speed = Vy = 36 km/h 


in 


= 60x60 “A 0 une 
Final speed = Vr 0'm/s 
Distance covered= S = 20 metres 


Now applying equation 
vf = VÊ +2aS 


(0)? = (10)? + 2x20a 
ste) 2.5 m/s? 
ay Sms 


(minus sign means retardation or deceleration) 


Knowing “m” and having found "a" we now substitute in 
F'= ma, to find F. 
Thus F = ma 

= 1000 x -2935 

= -2500.N 


Average retardation = 2.5 m/s? 
Average retarding force = 2500N. 


3.9 MOTION OF BODIES CONNECTED BY A STRING 


According to Newton's third law of motion “to every action there 
is always an equal and opposite reaction". This also occurs when 
two bodies pull each other through a material medium. Thus if we 
Pull both ends of a string, out fingers will feel a force, this force Is 
called the tension in the string. Similarly, when a body of welght 
1s kept suspended by a string the weight of the body pans a 
downwards, while the string pulis the body upwards kaan 
qual force, this force 1s called the tension of the string. In the fg. 
l 7 (a) at point B, the hand experiences a pull in the downward Set 
_ 0. Hence the direction of tension of the string at this point 


K A 


O ocomenwes DYTTER UNS I Hn Se 

op downward, However, at point A the string must exert a force y act 
ward to balance the weight of the body. Thus the direction of 4 i 
tension at A is upward. Hence the direction of the tension depeng and 
upon the point where the string is connected. However, its i net 
tude remains constant at all points. When the string {s not tn mo. pon 
tion, the magnitude of the tension is equal to the weight suspende 
from the end of the string. js” 


Now we come across two different cases of motion of two 
bodiés connected by a string and we shall deal with them separately, 


Case I:- When both the bodies move vertically. 


acti 
Consider two bodies of unequal masses m, and.m, connect. wart 
ed by a string which passes over a frictionless pulley as shown in dow 
Fig.3.7. net í 
plica 

w 
Fig.3.7 Two unequal masses are suspended by a string from a pulley in 3.10 b 


such a way that both move vertically. 


Let m, be greater than 
i m,.. Hence body A having greate 
mass will accelerate down with an acceleration say ‘a’, and bt | 

body B will move up with the same acceleration. Our problem is! F 


; find this acceleration "a" and the tension T in the string. 


Let us first consider the Motion of a 

body A. There are 
forces acting on the body (9 weight of the body W, = mg s n 
eT eee 
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seting in the upward direction as shown in fg a 
js coming down so W,> T. Thus net force on this bod. 
and is acting in the vertical downward directio; y is (m,g-1) 


n. In fact this is the 
A downward force which is moving the body down with accelera- 
ton "a". 


; This net force also given by Newton's secon 

is m,a. 
‘Thus we have the equation of motion for the body A as 
mg -T = ma 


d law of motion 


3.10 


Soœtwo forces are 
acting in the up- 
y acting vertically 


Now consider the motion of body B, here al 
acting on B (i) the tension in the String which is 
ward direction and (1) the weight W2 of the bod 


downward. Since the body is moving In theupward direction so the 
net force acting on B in the upward direétion is T - mg. 


Again we can calculate the same force on block B by the ap- 
plication of Newton's second law of, motion as m,a. 


Thus we can get the equation of motion for block B also as 

T - mg = m,a 3.11 
For calculating “a” add equations 3.10 and 3.11 

we get 


ma + ma = mg- mg 


°, oS ele 
poi, tm 


g 3.12 


M Tension in the string "T" can be calculated by dividing Eq: 
3.10 by Eq. 3.11 as 


BY cross multipliction, we have 
mmg- mT = mT - mmg 
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= -or Tim + m) = 2m, (i 
[s 
? 2m, 0 (i 
r 1 R 
a Ts m +m, & t 3.13 
Si 
pence t 
smooth 
other- 
Ni 
the frict 
tension 
Fig. 3.8 Two unequal masses are att- 
ached to the ends of a string passing Si 


over a pulley in such a way that the 
body A moves vertically and body A a m the valu 
B moves on a smooth horizontal plane. k 


m,g 
Fe 
Case Il:- When one body moves vertically and the other moves ; 
on a smooth horizontal surface. pege 
Consider two bodies A and B of masses m, and m, respec- , 
tively, attached to the ends of a-string which passes over a pulley 
as shown in Flg.3.8 The pulley ts frictionless and that it merely 
serves to change the direction of the tension in the string at that 
point. The body A moves vertically downward with an acceleration es 
equal to “a” and the body B moves on a smooth horizontal surface 
towards the pulley with the same acceleration. th 
As explained in the previous case if T is the tension in the Py 
string, the downward motion of body A is governed by the equation 
mg - a S ma g k 3.14 mi 
= ‘Now consider the motion of body B. Three forces are acting 
(i) The tension 'T' in the string which acts horizontally t0“ Th 
wards the pulley, ees us i 


o l UO 
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The weight m,g which acts vertically lowhetiva 
j (iti), The reaction "R" of the smooth horizontal i 
body which acts vertically upward. surface on the 


j 


ees Since there is no motion of body B in the vertical directi 
pence the two forces i.e the weight m,g. and th he 


e€ reaction of the 
smooth surface R are equal and opposite hence they cancel each 
_ other. 


| Now consider the horizontal motion of block B. If we neglect 
the friction, the net horizontal force acting on the block is T, the 
tension in the string which pulls the block towards the pulley, 


Since the block is moving with acceleration "a" we can get 
the value of force by applying Newton's second law of motion. 


i = ma 3.15 

A For obtaining the value of "a" “add eq.(3.14) and eq. (3.15) 

ves 

we get 
FF mg- T= ma 

A T =</m,a 
rely mg = (mya + m,a) 
that or (m,+m,)a = mg 
tion 
face 


(ar) g 3.16 


o 
efore a 
Q 

Putting this value of ‘a’ in eq. (3.15) 


we get 


mxm, 3.17 
pita ( m, + a) 
(3.17) 


_ Thus eq.(3.16) gives the value of acceleration while eq- 
the Value of tension produced in the string. a 
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ji | ft | 
Two bodies A and B are attached to the ends of a sting ae Ai 
__ which passes over a pulley so that the two bodies hang vertically for’ of f 
the mass of body A is 5kg and.that of body B is 4.8 kg. Find the 2 I gpl 
celeration and tension in the string. The value of g is 9.8 m/s’, oe edi 
` mass ofbody A = m,=5kg. on 
mass ofbody B = m,=4.8kg 3 pas 2 8 
i g = -98 m/sec? ass: 
Let acceleration of the bodies be ‘a’ and the tension of the string be st 
T. In order to calculate the acceleration, we apply the following within a 
formula. apply F 
= (ais the body 
a= ( m, + =) g a 
Be) 0 : a greate 
- (m X ui 
5 +48 msg 
the prod 
0.2 A 
= EYJ x 9.8 = 0.2 m/s U: 
For tension in the string we. will apply the As 
formula. ` so Its ur 
2mm.: 
nes 2 ! 
a= ( m, +m ) E M 
1 2 
2x4.8x5 bis 
E 
48 +5 M 
10 x 4.8 
9.8 
9.8 
= 48N 
Hence the tension in the string is 48 N and the accelerat" 
g 
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MOMENTUM OF A BODY 


tis commonly observed that a heavy body requires greater 
Mise toaccelerate it to a given velocity than a lighter body, Similari: 
i force 8 required to stop a heavy body as compared to that 
ofa lighter body within the same distance If both are moving in the 
ae direction with the same speed. 


Thus in this case we say that the body having greater mass 
has a greater quantity of motion than the body having a lesser 
mass. 

Similarly, if we want to stop two bodies of the same mass 
within a given distance moving with different velocities, we have to 


apply greater force to the body moving with greater velocity than to 
the body moving with lesser velocity. 


Thus we say that a moving body having greater velocity has 
a greater quantity of motion than the body having lesser velocity. 
This quantity of motion is known as momentum and ts defined as 
the product of mass and its velocity. 


Units of momentum 

As momentum is defined as the product of mass and velocity 
Solts units in SF System can be determined as follows 

Momentum = mass x velocity 


= Kilogram x metre / second 
We get 


metre Second 
x 


Momentum — 
= Kilogram x = Si 


metre 
= (kilogram 1 a Second 
Since Kilogram x sie = 1 newton 


(Second)? 
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4 
“Therefore Momentum = newton — second ` pr p 
Thus the S.I unit of momentum fs N-S. id | 
e 
PSG oo 
U, U, ~~ F cf un 
i apy | 
m i ged 
m, m 1 m, oo pO 
Ns oom 
A B a df venl 
s (a) me? 
(b) ange o! 
fh 
A B qv) to my 
@- =O 
gimilasly 
—_—_—S eee ae 
v, 
i t v mV 
Fig 3.9 Bodies A and B (a) before collision (b) when colliding with each 
other and (c) after colliston. As the for 
3.11 LAW OF CONSERVATION OF MOMENTUM m, 
Suppose we have a system that is isolated; such that the 
constituents of the systemMinteract with one an other and no exter = 
nal agency exerts a force on any of them. Truly isolated objects are A : 
not possible in thephysical world, but a group of objects whost 2 
mutual interaction is much greater than their interaction with other m,\ 
objects can frequently be treated as if they are isolated. Fo : 
example: the molecules of gas enclosed in a glass vessel at constall MI 
temperatu 
perature is an isolated system of interacting bodies. S eg is ker 
Let the system consists of two objects A and B of masses By, Stateg as 
and m, moving with velosities U, and U, respectively, befor? Wt 
collision and V, and V, be the velocities of the objects after collisio# “Un fre 4, 
along the same line and direction. Atum ; 
Thus the total momentum of the system before collisio Moya te a 


LAIDYTUTUR 


i Shey EN 


on, the body B will also exert a force (-F) on the body A. 


The average force acting on the body B ts also eq ti 
of change of its momentum during the time interval 
J to N 


m,V, - m,U, 


tLe it is 


t 
Similarly the average force acting upon the body A is 


m,V, - mU, 


t 
As the forces are oppositely directed therefore 


m,V, - m,U, 2 m,V, - m,U, 


t t 


(m,V,~ m,U,) - (m,V, - m,U,) 


7 
ld 2 


Ss Ay m,U, by: m,U, = mV, +m, Vv, 3.20 


- m,U, = = mV, + m,U, 


is known as law of conservation of momentum which 
d as follows: 


is no external force applied to a system, 
um of that system remains constant". - à 


e. 8) and 
e equation according to equation(3.1 f 


p 


* 
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sion are the same. Thus the mutual action and reaction of the 
ies of an isolated system are unable to change the momen bog. 
the system, that is, the momentum of the system is co 
This is known as the law of conservation of momentum which 
be stated as follows, "The total momentum of an isolated system 
bodies is constant i.e. the total momentum of the system bel 
and after the collision remains same” ` re 


3.12 ELASTIC COLLISION IN ONE DIMENSION 


Collisions are usually classified according to whether OF fot 


kinetic energy is conserved tn the collision. 


An elastic collision is that in which the momentum of th, 
system as well as the kinetic energy of the system before and after 
the collision is conserved i.e remains same. 


In inelastic collision the momentum of the system before and 


after the collision changes is conserved but the kinetic energy be | 


fore and after the collision changes. 


When two smooth non-rotating spheres moving initially 
along the line joining their centres they, after having a head-on col- 
lision, move along the same straight line without rotation. Due to 
spherical shape, the two bodies exert forces of action and reaction 
during colliston along:the initial line of motion, so their final mo 
tion is along the same straight line 


Consider two non-rotating spheres of masses M, and M, 
moving initially along the line joining their centres with velodl 
U,and U, as shown in fig.3.10. U, is greater than U, so they colt 
with one another and after having an elastic collision start movi 
with velocities V, and V, respectively in the same line and aie 
tion. 


- Now momentum of the system before collision =.m,U, + mst 


Momentum of the system after collision = m,V, + m,Vz 
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Shige 


y, After collfsion Fs 


—_—— 2 


By applying the law of conservation of momentum we have» 
m,U, + m,U, = mV, + mV, 
or m,U, = mV, = m,V, £ m,U, 


O- LA 321 


_ KE of the system before collision = + mU? A > m,U,? 


KE of the system after collision -= + mV? + = mV’ 


As the collision is elastic, so Kinetic energy of the system is 
also conserved and from the above equations we have 


ae MAUS- V?) = m, (v2 - Uô 3.22 


_ Dividing eq. (3.22) by eq 3.21 we have 
moe ius V, + U, 233 


means that the sum of initial and final velocities of the 


3 


A = U, + V, - U, 


Put this value of V, in eq. (3.21) we get 
m,U,-V) = ™ [u,+V,- UD - u,] 


or m,U,- mV, = m,U, + m,V, - m,U, - mU, 
or m,U,— m,U, + 2m,U, = m,V,+ mV, 


or (m, + mV, = (m,- mJU, + 2m,U, 


- 2m, 
or Vv, = eee (aa ae 3.24 


Similarly we have from eq. 3.23 


Vv, = V,+U,- U, 
Putting this value in eq.3.21 we get | 
2m : m,- m | 
v, = (y, + (y, 3.25 
m +t mz m, + m, 


Thus we get the values of two unknown i.e. V, and V} 


There are some cases of spectal interest. 


Casc li- If the masses of two bodies are equal, that is m,= m,=M 
then equations (3.24) and (3.25) reduce to give V, =U, and V,= U, 
thus the two bodies interchange velocities after collision as show 


in fig 3.11. Before collision After collision y__ V, 
U, U,V, 2U, ne 
——— —_ in ae 
m. 
Q- -Q 0- 0 
£ : B 
A B A 
Fig. 3.11 Elastic colltsto: 
two bodies of ruai ee eaten 


Now from Eq, (3.23) we have =] DITUTURCH TOURS 
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Ii: When the body B ts initially at rest i.e U, = O then 


Pao 3.24 and 3.25 give. 
> et “= 
lg ( m + m, Ju, 


2m k 
and V, = CRED 


further if m, = m, =m , then the first body after collision will stop 
and B will start moving with the velocity that A originally had as 
shown in Fig. 3.12. 


Before collision After collision v 

U, V= 0 2=U, 
i—mar U,=0 1 an 
9- -© ©- -9 
i B a TRS 
PY. 3.12 Elastic collision between tivo bodies of equal masses when one of 
them is initially at rest, 


Case I:- When a light body collides with a massive body at rest, 
then U,=0 and mi<< m, ; under these conditions m, is so small 
as compared to ni, that it can be neglected in eq. (3.24) and eq. 


(3.25) and thüs we have V = - U and V = 0. Then body B will 


Temain stationary while body A will bounce back with the velocity 
as shown in fig.3.13, 


Before collision After collision 
u, U, = 0 Vv, z- U, y =0 
—— ah 
Ox, m, | * Qe. m, 


PW. 3.13 Elastic collision between a light body and a massive body. 
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we Case IV:- When a very massive body collides with a light station. 


R) compared to m, in eq. (3.24) and (3.25). This gives v,= u, ang 
| k v, = 2u, Thus after the collision, there 1s practically no change in 
| the velocity of the massive body but the lighter one bounces off in 
the forward direction with approximately twice the velocity of the 
incident body as shown in fig. 3.14 


After collision ` 


A Before collision v, = U, 


— = —e V, = 2u; 
ET —— 
m, m, @ m m, o 


Fg. 3.14 Elastic collision between a masswe body and.alight body when 
the latter ts initially at rest. 


“3.13 FRICTION 


The surface of a,solid is never’ perfectly smooth, consequent- 
ly whenever one body slides over another, there is a sort of resis- 
tance to its motion. Hence:if two bodies be in contact with each 
other and if we try to drag one of them over the other, a force is set 
up at the surface of contact, tending to resist the motion. This is 
called the force of friction between the surfaces in contact. 


The friction is due to the roughness of the material surfaces 
in contact. So if the surface be perfectly smooth there is no force of 
friction to oppose the motion. The force of friction always acts pal 
allel to the surfaces in contact and opposite to the direction of m0 
tion. Friction is a special property of solids. When a liquid or gasè 
ous mass flows, there is something like frictional resistant? 


between its various layers. This peculi ithin 4 
fluid medium is called its viscosity. = Sipe of Gintama 


o US 
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ary body, then m,>> m, and U,= 0. Now m, can be neglected aş ` 


(0) 
state 
non-fi 
] 
face, a 
at rest 
and F, 


d 
must t 


2 
F does 
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Let a rectangular solid body Gas shown 
‘at rest on a horizontal surface. The forces 
weight mg acting vertically downwards. 


R 


in fig. 3.15 remains 
acting on G are (i) its 


Fig: 3.15 


(i) The reaction R of the surface acting vertically upwards. In the 


state of rest the upward reaction R balances the weight mg and 
non-friction is brought into play. 


If now a small force F be applied to "G" parallel to the sur- 
face, a resistance say f is offered to the motion. If this body fs still 


at rest, it is in equilibrium under the action of the forces R, mg, f 
and F, 


As R is equal and Opposite to mg, the force "f" in this case 
must be equal and opposite to F. 


As F is:increased, f also increases. It is found that so long as 
F does not-exceed a certain limit, there is no motion, f being thus 
always equal to F., 


` The resistance "f" which is thus brought into play by the ex- 
temal force "F" in a direction opposite to that of the latter is a self 
- adjusting force and so long as the body is at rest, the force is equal 


to the pulling force. The force f is called the frictional Torce between, 
the two bodies in contact. 


Although friction is a self adjusting force, it does not however 
Í indefinitely with the external force. 


MEPS WW.yOULUDE.COM/C/IVIUUAI DYrTUTUNG FOKO 


k 


Thus if the external force F is gradually increased, the fory, 


p 
of friction reaches a maximum or Hmiting value which depends Pi D 
the nature of the surfaces in contact and the magnitude of the ny, ate 
mal reaction between them. 
The body is now on the point of sliding and the friction then ae 
exerted is called limiting friction between the two surfaces unde ! palis 
the given normal force. If the external force be increased further, snow 
the equilibrium will be lost and the body begins to move. = 
The friction ts said to be sliding or rolling according as one body 
slides or rolls over the other. 
Sliding friction is slightly less than the limiting friction. 1, 
when the equilibrium is limiting, the normal reaction and the frie. 
tonal force be compounded into a resultant single force, the ange 3 
which this resultant makes with the normal to the surface is called 
the angle of friction and the single force called the resultant reac aa 
tion. atid 
Friction plays a vital role in our daily life. Without friction we one be 
cannot walk, fix nails ete. Belts cling to the pulleys, drive the kinetic 
machinery because of friction. 
3.14 
Friction has both advantages as well as disadvantages. Some 
times we have-to increase the friction e.g. sand is thrown on the tween 
uphill railway lines after rains. Similarly when the brakes ofa | and ie 
moving car are applied, its brake shoes come in contact with the | 
moving wheels causing an increase in friction and thus resulting ™ then : 
the stoppage of the car 
L 
Fig. 3.16 shows the cross section of the collar bearing " Pup 


which the axle S of the revolving part is loosely fitted in the socket 
so as to be able to rotate. The space between the two is well pubri 


cated, Shay à 
í 


7 1 HACMUTLIS I€Ss ‘than the si LUNRCUVUUUTY 
ces of furniture are provided with wheel friction, heavy 
; cels at the back. 
ate in different vertical plane. which can 


In bicycles ete, the sliding friction 13 re 
ion with ball bearing arrangement in which 
palls are placed loosely in a metal case ro 
shows a ball bearing arrangement tn which 
tomove. ` 


JER F 

a % 

“MMA Uitte 
NJ 


Placed by rolling fric- 
a number of hard steel 
und the axle. Fig.3.17 
the axle S ig very free 


CQ» F 


e, © ? 


When one body is at rest in contact with another, the friction 
between them is said to be static. When ít {s just on the point of 
sliding over the other, the friction Is said to be limiting, and when 
one body is actually sliding over the other, the friction is termed 
kinetic or dynamic. 


3.14 COEFFICIENT OF FRICTION :- 


The ratio of limiting friction to the normal reaction acting be- 
tween two surfaces in contact ts ‘called the coeffictent of friction 


and Is usually denoted by p. 


Thus if F be the limiting friction and R the normal reaction, 
then 


F 
fe F = OR 
FLUD FRICTION 


So far we were dealing with friction between 
Row study some thing about friction in fluids. 


3.26 | 


two solids, we 
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a ving through fluids 1.e. liquids or gases, exper, 


5 d friction or viscous g 
z which is known as flul s 
yates ae ing ships. aircrafts and other vehicles, In 


der to achieve a des : 2 
e 
are reduced to a minimum. calculations are made an small-sca, 


models are constructed which are tested in water tanks and wig 


tunnels. F U 


Fy. 3.18 
w 


Stokes studied the effect of viscous drag on small spheres 
falling through a liquid. He found that unlike bodies falling in vac- 
uum which move with the accelefation due to gravity these spheres 
were found to be moving with constant velocity. 


He observed that these spheres experience an upward re- ` 


tarding force F which is given by 


F=6x4.r9 
o ” n “is the coefficient of viscosity 
"0" is the velocity of the sphere 
"r" ts the radius of the sphere. 


Bis, Ooan this there are two other forces acting on the spheres 


W The weight of the body "W" which acts in the dow 


ward direction, 


ign in which the energy-wasting effects of the drag 


inclined s 


Whe 
as shown 
Its state o 
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u) The upthrust “U” 


of the liquid which acts in the u 
ward direction. s 


qhe net effect of these forces ts a Fesultant force of magni 
pdt (w-U) which acts in the downward direction, Ai 


t constant tem- 
perature w-u) is constant while the viscous drag F increases with 
velocity. 


Thus if a small metal sphere fs allowed to fall through a tq- 
uld, it Is first accelerated so that the value of F increases and be- 
comes equal to (W-U), at this stage the net upward and downward 
forces are equal and the sphere: start moving with a uniform ve- 


locity known as terminal velocity in accordance with Newton's First 
” Jaw of Motion. 


3.15 THE INCLINED PLANE 


A heavy load may be ratsed more easily by pulling it along an 
inclined surface than by lifting it vertically. 


When we place a block of wood on a smooth horizontal table 
as shown in Fig 3.19, {t'remains at rest until it ls pushed or pulled. 


Its state of rest implies that no unbalanced force ts acting on it. 


R 


w 


Fig, 3.19 


x Since the block ts at re. 


rd st, the weight must be bdlanced by the 
Push of the table (R=w) 5 


Ow ‘et the block be placed on an inclined plane making an angle 
th the horizon 
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Fig. 3.20 (a) 


The force of gravity pulls, the block vertically downward wth 


a force equal to its weight W. ad 

The force Is represented by vector W. The inclined plane oe 
fers a reaction which 1s perpendicular to the plane and ts repre, 
sented by R in Fig.3.20(b). 


) Fig. 3.20 (b) 


There is also the force of friction which opposes its slipping 
down and is represented by “f”. If the block moves (which will be anak 
the caes when frictional force is very small), it will moves down the 
incline. Let us take x-axis’ parallel to the inclined plane and Y-axis 
perpendicular to it. Now resolve the forces along these axes. The 
component of W- perpendicular to the plane is W cos@ and that This 
parallel to it is W sin@ as shown in Fig 3.20 (c). 


“e R = Weos@ 


If, however, the block does slide down with an abceleration a, 
there will be a resultant force whose magnitude is given by the 
product of the mass of the block and the acceleration with which it 
moves down. 

‘In this case 
Wsin@ - f = ma 
W = mg we can write the above equation as 
mg sind -f = ma 

and if the force of friction is negligible, it becomes 

mgsin@ = ma 


A or a = g sin@ 


This expression is independent of the mass of the block. 


(i) When 6 = 0% Sind = 0 and the acceleration becomes zero. 
s that the block or any other body will have zero acceler- 
a horizontal surface. This was the first case we discussed 


en 0 = 90° ; ill i 
90° = 1 and hence a = g (if there is no fi a 


SyIWwWwWw.-yOULUve. 


from rest at the top of a slope w 
Find its acceleration and speed at the hoy, 
g that friction Is negligible. J 


r there is no motion perpendicular to the plane, t 
R and Wcos@ must balance each other. Fig.3.21 


R-WCos@ = 0 


pROBLE 
$j In 
ti 

O Fg.3.21 Á 
2 = ac 
__ in the absence of friction, the orff “unbalanced force acting Gg 
the truck is W Sind acting along the X-axis or parallel to the of 

If it produces an acceleration{ajand{m)be the mass of truck, 
Newton's 2nd law of motion. 
WSind = ma 0 2 A 
but W tł 
A 
m 
{a 
ite 
1 = 
Fo 702m/3 


d at the bottom of the slope w 
In this problem, we have 


= (0)? +2x0.2 x49 


19.6 


electron gun of a television set, an electron with an ini- 
| speed of 10° m/s enters a region where it is electrically 
elerated. It emerges out of this region after 1 micro sec- 
with speed of 4 x10° m/s: What is the maximum length 
s electron gun? Calculate the acceleration. 


(Ans. 0.2 metres, 399 x 10 °m/s? 


is waiting. at a traffic signal and when it tums green, 

es ahead with a constant acceleration of 2 m/s’. 

ne time a bus travelling with a constant speed of 10 
akes and passes the car. 


a beyond its starting point will the car overtake 
s? 


fast will ving ? 
St will the car be movies. (a) 100m @) 20 m/s) 


-1s ascending at a rate of 12 m/s. Ata ues of. 
d, a package ts dropped: Ho Honi ; ; 


5. 


6. 


7 


i 


A boy throws a ball upward from the top of a cliff With 
a 


speed of 14.7 m/s. On the way down it Just misses the. 


thrower and fall the ground 49 metres below. Fing (1) Hoy 
long the ball rises? (11) How high it goes? (111) How long it a 
in air and (iv) with what velocity it strikes the ground, 
(Ans. (1) 1.5 seconds (ii) 11.025m 

(ill) 5 seconds (iv) 34.3 m/s) 


A helicopter weighs 3920 newtons. Calculate the force on it 


if it is ascending up at a rate of 2m/s*. What will be force on. 


helicopter if it is moving up with the constant speed of 4m/s, 
(Ans: (i) 4720N (ii) 3920N) 


A bullet having a mass of 0.005 kg is moving with-a speed of 
100 m/s. It penetrates Into a bag of sand and-is brought to 
rest after moving 25cm into the bag. Find the decelerauing 
force on the bullet. Also calculate the. time in which it is 
brought to rest. 

(Ans. (0 1OON {u)-005 seconds.) 


A car weighing 9800 N is moving with a speed of 40 km/h, 
On the application of the- brakes it comes to rest after travel- 
ling a distance of 50\metres. Calculate the average retarding 
force. 


(Ans. 1234.57 M 


An electron in a vacuum tube starting from rest is uniformly 
accelerated by an electric field so that it has a speed of 
„6 x 10°m/s after covering a distance of 1.8 cm. Find the 
force acting on the electron. Take the mass of” electron as 


9.1 x 10%'kg. 

- i (Ans. 9.1 x 107°) 
p S A and B are attached to the ends of a string 
os S over a pulley, so that the two bodies hang ve 
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10. 


11. 


12. 


13. 


l4, 


VV VOU 


tans sug T 
EX 9 bodies of masses 10.2 kg and 4.5 kg are attached to the ; 
A 9 ends of a string which passes over a pulley in such a a.) 
y that the body of mass 10.2 kg lies on a smooth hortzo y 
_ tal surface and the other body hangs vertically. Find the ac- 
celeration of the bodies, the tension of the string and ala 


the force which the surface exerts on the body. of mass 10.2 
kg- K 


REET: 


(Ans. 3 m/5%30.6 N. 99.96 N). 
QS 


41, A100 grams bullet is fired from a 10°kg gun with a speed of 
1000 m/s. What is the speed of recoil of the gun. 


(Ans. 10 m/s). 


TRER 


12. A50 grams bullet is fired into a 10 kg block that is suspend- 
ed by a long cord so that it can swing as a pendulum. If the 
block is displaced So)that its centre of gravity rises by 10cm, 
what was the speed of the bullet? 


(Ans.281.4 m/s). 
> A ah gun fires 10 bullets per second into a target. 
"E ullet weighs 20 gm and had a speed of 1500 m/s. 
y the force necessary to hold the gun in position. 

; (Ans. 300N) 
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4. A cyclist is going up a slope of 30° with a speed of 3.5 m/s. If Z 

he stops pedalling, how much distance will he move before _ 

Coming to rest? (Assume the friction to be 5 
pi s (Ans. aes 

= eh a 


N 


16. 


17. 
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The engine of a motor car moving up 45° slope with a 


of 63 km/h stops working suddenly. How far wi the 

move before coming to rest? (Assume the friction to be negi. 

gible. 

(Ans. 22.10m] 

In problem 15, find the distance that the car moves, it 
weighs 19,600N and the frictional force 1s 2000N, 

(Ans: 19.3m) 


In the Figure 3.22 find the acceleration of the masses and 


the tension in the string. 
(Ans: 0.98 m/s”, 882 N) 


Two blocks are connected as shown in fig.3.23. If the pulley 
and the planes on which the blocks are resting.are friction- 
less, find the acceleration of the blocks andthe tension in 


the string. 
(Ans: 0.437 m/s?, 223.11N) 


Two blocks each weighing 196N rest on planes as shown in 
fig. 3.24. If the planes and pulleys are frictionless, find the 
acceleration and tension in the cord. 


(Ans: 2.45 m/s’, 49M) 
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10m) Motion in 
ta Two Dimension 


Quantitative discussions of motion are based on the meas. 


ang | urements and calculations of positions, displacements, velocities, 
f and accelerations. For this, we developed the equations of motion 
2 N for motion with constant acceleration. The discussions were con- 
fined to one dimensional motion that is, motion along. a Straight 

a line whether the line was vertical or horizontal. 
‘= If the universe were one dimensional, physics would be 
much simpler. But that would hardly compensate for the loss of 
LN) richness of phenomena which make the physical world so beautiful 


and fascinating. Majority of the most important phenomena of 
physics simply could n 


ke placein an one dimensional world. 
Thus to study various phy 


al phenomena around us, we certainly 
would take to describe motion.ih two dimensions and ultimately in 
three dimensions as well. The projectile motion and circular mo- 
tion are good examples“of motion in two dimensions which we shall 
discuss here in this chapter. 


4.1 PROJECTILE MOTION 


Let us begin our Study of physics in two dimensions by con- 
Sidering the motion of a Projectile. Any object that is given any ini- 
= Velocity and which Subsequently follows a path determined by 

e Sravitational force acting on it and by the frictional resistance 
of the atmosphere is called a projectile. Kicked or thrown balls, 
on animals, object thrown from a window, a missile shot 

a gun, a bomb releaséd from a bomber plane,ete., are all ex- 
aa of projectiles, The path followed by a projectile is called its 
i i a 
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The projectile motion 1s surprisingly simple to analyze i 4 


following three assumptions are made: 


tion due to gravity. Z. is constant Over the 


` e accelera! 
— d downward. 


range of motion and is directe 
2. The effect of air resistance is negligible. 


3. The rotation of earth does not affect the motion. 


This projectile motion can be analyzed by considering motion 
in a plane. Usually it will be vertical plane. In that case we shai 
use x for the horizontal coordinate and y for the vertical Cordi- 
nate. It is necessary first to choose an origin, positive direction and 
distance scales for the coordinate axes. It is convenient.to measure 
both the horizontal coordinate x and the vertical coordinate y of 
the object from its starting point. Also, we choose the positive di- 
rection of x-axis toward the right and the positive of the y-axis up- 
ward. As the object always moves downward, this choice means 
that the value of y will always be negative. That is, the acceleration 
in the y direction is -g. just as in free falls and the acceleration in x 
direction is zero (because air friction is neglected). In addition to 
this. we separate the motion-in two parts, the horizontal motion 
along x-axis, and the vertical motion along y-axis. We are able to 
do this because these motions are found to be independent of one 
another. That is the.vertical motion (motion in the y-direction) does 
not affect the horizontal motion (motion in the x-direction), and 
vice versa. Consequently, the x and y components of the displace- 
ment andvelocity of an object can be calculated exactly as before f 
the acceleration, the initial position and velocity are known, 


Suppose (i) we drop a ball from a tower, we know that the 
D Me accelerated motion straight downward (ii) while 
Rees, m Es also give it some initial velocity ( say Vox a 

Rises ection, obviously the motion will no longer 

Tia ward but will be at some angle to the vertical. n 
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Fig: 4.1 If an object ts dropped and simultaneously givenvan initial horizontal 


yof velocity Voz , this horizontal velocity component remains constant while the 
t increases ith the time, Thus the motion 

re dh C oikia U e, motion follows 

S up 


Let 3 represents the instantaneous velocity vector of the 
projectile {in this case the ball) which can be resolved into vertical 
component, 8, , and a horizontal component, x, as shown in 
Fig.4.1. Therefore, the y- component of velocity, Sy. is given by 


by = - gt 4.1 (a) 


since there is no horizontal component of the acceleration, 


on the x-component of velocity, 8x. is simply given by its initial veloci- 
does ty. 

and \ 

Jace’ | ox = Box 4.1 (b) 


sy 

The Eq 4.1 (a) and Eq 4.1{b) are summarized by the impor- 
tant statement that the instantaneous velocity vector, 0 , con- 
sists of two components which act independently. Only the vertical 
Component of motion undergoes acceleration (acceleration due to 
petyi, whereas the horizontal component of motion proceeds at 
the constant initial velocity (Ox = vox), this means that velocity 


ponent along the x-direction never changes while the vertical 
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component increases linearly with time. Thus the motion of apr. - 


Jectile follows a curved path. 


Fig. 4.2 is a stroboscopic photograph of two balls that are af 
lowed to drop simultaneously, one of them with horizontal velocity 
component. The picture shows that the vertical motions in both 
the cases are indeed identical. However, the path followed bY the 
projected ball (i.e the ball with initial horizontal velocity, ðo) is g 
parabola as shown in Fig. 4.2. 


addition to the initial velocity, Oox . in horizontal direction: 
if we also allow the vertical motion to have an initial velocity; Boy, 
then the equations which govern this motion are: 


Fig. 4.2 The two balls released -o i 

stumultaneously: the one the left PEES seeps 
was merely dropped while the EMS eee 

other was given an initial hort- 

zontal velocity. The vertical com- a 4 

ponents of the motion of both 

balls are exactly the same. The, BS e 

stroboscopic photograph was, M 

oe OE OO 

1/39s. 

Re O o 


Horizontal motion (x - direction ) 


Acceleration: a& = o 4.2 (a) 
Velocity: % = te 4.2 (0) 
Displacement x = -Ogt 4.2 (c) 
Vertical motion (y- direction ) 

Acceleration ay = -g 4.3 (a) 
Velocity ty =  Oyy-st 4.3 0) 
‘Displacement Y = tyt-t¢¢ 430 
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SEENE are independent description of m 

g coordinate x and the other the tea oi i 

y both depend upon a common vartable, the Ba 


s are called parametric equations and the eases 
(t) is called the parameter. 


je is not necessary that a projectile be thrown with some pe 

ity 1n the horizontal direction. A football kicked off by a 
a missile shot from a gun, a player making a long pint, aie 
all examples of projectile motion. In all these cases the bodies 
oe projected at some angle with the horizontal. As a general case 
i ectile motion, we therefore consider the motion of'shell shot 
} fom agun at angle 6 with the horizontal as shown in Fig.4.3. 


7 Maximum height h 
at time T 


e 
Range R = distance 
at time 2T 


9.4.3 The path of a projectile fired with an tutial velocity V, at an angle @ 
‘withrespect to the horizontal. = 


‘The Initial’ velocity Ù, of the shell can be resolved into two 
| Mclangular Components Dox and Voy along horizontal axis and ver- 
$ a respectively, as shown in Fig. 4.3. The magnitudes of 
Se Components are given by 

Box = 0, cos 4.4 (a) 
By = Yo sind 4.4 b) 


Ututing for Yox and voy in Eq 4.2 (b) and Eq 4.3 (b) re- 
the velocity components at any instant are given by 


e = Vox = Yo cosd 4.5 (a) 
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sub? 
aa Sy 
vy = Do sinô - gt 45 W 
These are extremely important equations and can be used gd: sf 
in 


| evaluate the maximum height, -h . to which the projectile wij) tig 


and the overall range, R. of the projectile (shell in this case) along 


the horizontal surface. ) me b 
4.2 MAXIMUM HEIGHT OF THE PROJECTILE | Pe 
; c 
The maximum height of the projectile occurs when the verj. roje 
cal component of the velocity giver by Eq.4.5(c)reduces to zero, 1a oF 
That is gct that th 
by = 8, sind -gt= 0 | essary tO S 
and the value Y then gives the maximum height, } X= 
h. (Y=h) as shown in Fig. 4.3 
suppose t=T be the time when the vertical component of ve- 
locity reduces to zero as mentioned earlier: 
substituting v, = 0 and t =(T> in Eq. 4.5 (b). we get 
ù 
Toa ees 46 
£ subs 
where T is half of the total time elapsed between launching 
and landing of the projectile. Substituting Y = h and t = T in Eq. 
4.3(c), we get 
È Laaa 
h = yT - pe sube 
substitüting for T from Eq. 4.6, we find | 
‘ ə i } 
h =%,. Sl oy \2 
E ( g ) 2 £ ( g ) Fro 
Ar 
(oy) ett) 
8 -2 -g The 
A 2 
2g { Boy ) | 


es the maximum height the projectile will rise as 


ANGE OF THE PROJECTILE 


horizontal distance from the origin (x =0,y=0) tothe 
the projectile returns (X=R, Y= = 0) is called the range of 
le and is represented by R, as shown tn FIg.4.3. AN 


‘ 

order to find the range of the projectile we make use of the 
at the total flight requires a time that is twice the time nec- 
to reach the maximum height. Therefore we set 3 


X= Riwhent =27 
" From Eq. 4.2 c, we find 
X= ot 


R = 26,7 


; substituting for T = 


2 
R = ra x Soy 4.9 


Dox BN Vay from Eq, 4.5 (a), 4.5 (b), we find 
i. 
i 2. PR os 
z cos 
n trigonometry, we know 
= 2sinð cos@ = sin20 


4.10 can be written as 


A ? Ricca the range of the projectile depends on the 
= initial velocity and sine of twice the projection angle ọ, 
4.4 THE MAXIMUM RANGE 


The maximum range, Rmax When the fa 
Eq.4.11 is maximum that is, sin2@=1 


r, (in m) 


o i i Ete ea i : | 
© 100 200 300 400 500 600 700 800 900 1000 1300 1400 1500 1600 1700 1800 Iso 
r, (in m) w 


f Fig. 4.4 
j and this happens when 6 = 45°therefore the Eq.4.11 reduces to 


3? k 
= 2 . at a5 
Rmax = z ; at @=45' a 


Hence the projectile must be launched at an angle of 45 
with the horizontal to attain maximum range. For all other angles 
greater or smaller than 45° the range will be less than Rma & 
shown in Fig.4.4. 


4.5 PROJECTILE TRAJECTORY 


The path followed by a projectile is referred as its trajecto: 
We now attempt to develop an equation which should d 
the trajectory of the projectile. i 


The vertical dis; tion 15 8" 
placement Y in the projectile mot 
by Eq.4.3(c) 


"substituting for 9,, from Eq 4.4 (bl, we fing 
Y = 0, snot . + gt? 


4.13 
Also from Eq. 4.2(c) and 4.4 (a) 
xX «= Ot 
t = X = EENE ET “ ENN 
fe" BeosT Po = pcos O 
x » v 
~ Cos 4.14 
substituting for t in Eq 4.13, 
we get 
Y = opine (z : 
6, a 
= Xtano- as a 4.15 
esto 2 9, cos’ 6 


For a given valé of, projection angle 0 and the initial velocity 
of the projectile, the quantities ©, sin9, cos@ and g are constant 
and therefore we Gan lump them Into another constant such that 


a o=\ tan 4.16 
49 
sf = = ANT 


0, 6030 | 
The Eq. 4.15 reduces to 


Y=ax = + bx? 


Thus knowing the displacement along the vertical 
+ and the displacement along the horizontal direction. 
the position of the projectile at any Instant, 


rs are Joined together, a trajectory of a projectile ts 
4.4 shows such trajectories that correspond to several an ód 
= 10°, 30°, 45°, 60°, 80° of elevation, having same initial 4 

d (8p = 100ms"'). Note that tte maximum range is attained ohai 
= 45°. The Fig 4.4 also shows a trajectory for a projectile whose ind. 
tial velocity 0,18/Ztimes greater than Its previous value (Le 3 y 
100 ms”) with the elevation angle 9 = 45°, the range Is twice the 
maximum attained by the slower projectile. 

This result is in reasonable agreement with our experience in 

throwing balls, in spite of the fact that we Ignore alr resistance, 7> 


The symmetry observed tn Fig 4.4 for elevation angles sym- 
metric about 45° ts due to the fact that 

sin [ 2 (45°- œ) ] = Sin[2 (45° + ~) I. 

The range will be the same for any two elevation angles 
@ = 45° + « which are equal amounts greater than or less than” 
45°, as shown in Fig.4.4 for elevation angle 30° and 60° the small 
angle, of each pair produces a flat trajectory, and the large angle 
produces a high trajectory. 

The speed ò of the projectile at any instant can be calculat- 
ed from the components of the velocity at that instant 

ars to? 0 0)" : 4.19 

Before we Solve some numerical problems on projectile mo- 
tion, we would-like to summarize what we have learned so far. 


the hortzontal component of 


(1) If air resistance Is negligible. 
tal compe” 


velocity, Ô, remains constant since there [s no horizon! 
nent of acceleration (a, = ©). 
(2) The vertical component of acceleration is 
celeration due to gravity. gla, = -B). 
lact" 
(3) the vertical component of velocity, oy, and the disP 


=~. 106 


equal to the ace 


SREP OCA! or eam 
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(4) Projectile motion can be treated as a 
two motions acting in the x and y directions, 


4.6 APPLICATIONS 


super Position of the 


Many applications of projectile motion pea 
in animals motion. Here we briefly explore some 
this subject. 


in athletics and 
further aspect of 


() Projectile in Athletics 


The various formulas developed for the Projectile motion can 
be directly used to analyze a tennis serve. While a player’can deter- 
mine his or her own best serving angle by trial and error, the pro- 
jectile motion formulas can be used to predict this angle given the 
initial speed. The advice given in text book on tennis is sometimes 
based on this type of analysis. Many athletic games such as base- 
ball, football, hockey, cricket, etc involving Projectile motion that 
thrown, kicked, or struck can be discussed using projectile motion 
formulas. 


(2) Horizontal jumping 


Constant acceleration formulas developed in chapter 3 can 
be used to analyze vertical motion by animals. Similarly, to discuss 
horizontal motion we can use the projectile motion formula. For ex- 
ample, we can calculate the angle at which the jumper projects 
himself, The value so calculated is in close agreement with the an- 
gle seeñ in photographs of competitive long jumper. Using the val- 
ue of initial velocity of jumper and the angle at which the Jumper 


Projects himself, we can evaluate the range. 


th j motion, we 
lication of pro ectile 
) Yet in an another app. 


trajectory. 
know that the small angle produces flat traj «ne age 


angle a high trajectory. Air resistance tends to pe a ball 
ectory more because it is longer. In volley ball, € is s0 
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e 
trajectory is easy to short/catch since the tim e 


kicked from ground level with a velocity of 25 met 
e of 30° to the horizontal direction. (a) when does it re; 
height? (b) where is it at that time? 


Solution : oO 
_ From fig 4.5 the initial velocity has components. N 
; z 


3 « 


vo cosso 

25 mS (0.866) 

a0 Sina 

ges ms") (0.500) = 12.5 ms” 
test height is reached 
ey «= 0. Using Eq 4.3 (b) 
gt. this occurs when 
12.5 ms™- 0 
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1.28s are given by Eq.4,2(c) and Eq.4.3(c) respective} 
x = Oix t £ 
X = (21.7ms") (1.285) = 278m 


x = 27.8 m 
eea Yoyt = ot? 
= (12.5ms" ome $ 
(12.5ms") (1.28 s) -z 9.8ms”) (1.28 s)? 


Y = 7.97m 


Thus the ball is 7.97m above a point onthe ground which is 
27.8m away from where it was kicked. 


Example 4.2 


A tennis ball is served horizontally from 2.4m above the 
ground at 30 ms’. (a) The net ig. 12m away and 0.9 m high. ‘Will be 
ball clear the net? (b) Where‘will the ball land? 

Solution 


To find the height of the ball at the nét, we must first find 
out the time required by ball to reach the net. From this we can 


then determine the height. 
Solving Eq. 4.2 (c) for t 


ooo E 
D 30 ms 
t a` 0.4s 


, tis 
Substituting t = 0.4s and voy = 0, the vertical dispi 


1 2 
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a Oise + (9.6ms") (0.48s)? = -0.78m 


Y = = 0.78m 


Since the ball was intially 2.4 m above the ground, it i 
(2.4 m - 0.78 m) = 1.62 m above the ground, so it easily clears the 


net. 


(b) The ball lands when Y = - 2.4. First we have to determin 
the time interval, we can then find the horizontal displacement; 


Substituting voy = o in Eq 4.3 (c) 
| aes 


> ss Boyt — z gt 
a l 2 
o E 
-2Y ~ -2 (-2.4 
eee 2A”. 0.4903 
g 9.8ms 
t = 0.7s 


The distance the ball ‘travels horizontally before it land 1s giv- 
en by Eq. 4.2 (c) 


X = xt = (30ms’) (0.7s) = 21.0m 
X =A21.0m 
Example 4.3 


An artillery plece is pointed upward at an angle of 35° with 


respect to the horizontal and fires a projectile with a muzzle pe 
ty of 200 m s`". If air resistance is negligible, to what height wil 
projectile rise and what will be its range? 


The height is given by Eq. 4.7- 


a 1 O? oS ae 
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~ 
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Fi n3 
2 98 mi sin? 35? = 
= 672.4m 
The range is given by Eq. 4.11 
i i 
R = zI sin2 0 


(200ms"')’ 
naen | Sin 70° 
9.8 ms © \ 


R = 3835.48m ~ 


A rifle bullet fired with the same initial conditions would not 
travel nearly this far. Because a rifle bullet has much larger sur- 
face to mass ratio than does an artillery shell, air resistance effect 
is much more severe and drastically reduces the range. 


Example 4.4 


A player throws a ball at an initial velocity of 36ms". (a) Cal- 
culate the maximum distance the ball can reach, assuming the 
ball is caught at the same height at which it was released. (b) If he 
wishes to throw the.ball half the maximum distance in the shortest 
Possible time, compute the angle of elevation in this case. (c) What 
are the elapsed ‘times in the two cases? 


A 
Satlon 
(a) The maximum range occurs for an elevation angle of 45° and 
the maximum range can be calculated using Eq. 4 12 Thus 


Ro 02/g = (36ms"* /(9.8ms) = 192m 


Rax 132m 


D 


= (9.8ms”) (66m) / (36 ms’)? = 05 


-sinz2@ = 05 pat 
01 
@ = 15° m 

arti 

Thus the ball thrown at 15° elevation angle will cover half of \ „whe 

= maximum range. The same range can be obtained with an €le- amt 

| vation angle of 75°, but the elapsed time will be longer due to dif- tant 

> 

ferent trajectory. K“ moti 
(c) The time elapsed in the above two cases can be calculated 

by using Eq.4.6, and doubling the result, since the T represents path 

half of the total time elapsed between launching and landing. tude, 

The times are a 

tion ¥ 


29, C7 20, sin 45° 


E mp first case = SRS = g 
k: = ©2(36ms") (sin 459) / (9.8ms?) 


5.2 s 


XA 20,, 29, sin 15° 
) = — =- —— 
T3 Second Case z z 


= 2(36ms") (Sin 159) / (9.8ms) 
cond Case =r 90s 


ice that the elapsed time in case (b) is less than half in 
though the range is halved, because the trajectory 1% 


. Spinning 


artificial satellite orbiting the earth, lawn mover blad S, automobile i 
- wheel, a fly wheel rotating about an SW ex. 


amples of circular motion, One imp 


ortant consideration Of this mo- 
tion is that each Point in such an object is. under-going circular 
motion. ; 


x 


4 aa eae 


When an object such as P in Fig, 
path in such a way that its speed-is uy: 
tude, ¥, of its velocity, 8 , is constant. 
as uniform circular motion, To-descri 
tion we would like to definerte following A 

(1) Angular displacëment 

(2) Angular velocity/angular frequency 
| (S) Period of citcular motion. 


vy a F 
a 
Q a | 
oy p i 
w a = 
-> a res 
S) Ù 


Fig. 4.6 Velocity and acceleration of a 
d in uniform circular motion 
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the point P, on the circumference of the circle. After a small Inter 

val of time, it moves to the position P,. Evidently angle pop ee 
represents the angular displacement of the object. The angular diet 
placement is measured in degrees. However, it is more Conventent 
to measure angles in another unit called the radian. 


The length,s, of an arc on a circle Fig. 4.7 is directly Propor. 
tional to the radius,r, of the circle and to the angle 6 subtended by. 
the ends of the arc. One radian is defined to be the angle subteng. 
ed where the arc length .s, is exactly equal to the radius of the cir- 
cle. Thus straightaway we can write 


Fig: 4.7 The position of an object moving in circular path 


| 
6 = 2 4.20 
i r 


Ae 
where @ 1s measured in radians. 
Also 

Sro 


4.21 


When»@-is-measured in radians, we can easily calculate the 
length of an.are which subtends this angle at the centre of the E 
cle. For one complete revolution, @ = 360°,| then the arc length 


becomes the circumference of the circle, that is, 
Š : 4.22 
S= 2xr 


Comparing Eq. 4.21 and Eq. 4.22, we write, 


i 114 P 


wn in Fig. 4.7. Consider further that the object initially i “= 
at 


dians 
since 
an ab 
gles a 
pear | 
circle 


me sbo 
rad. = TTE = 57.2958° = 57 3° 


27 
I= 60° = 0.01745 rad 


Note that the measure of an angle whethe?in degrees or ra- 
dians does not have physical dimensions of féngth, mass, or time 
since it is the ratio of two lengths. Although.we carry the unit radi- 
an abbreviated rad through our calculations to remind us that an- 
gles are being measured in radians, however, this unit does not ap- 
pear in the final answer. For example, the length of arc s on a 
circle of radius 0.15 m which is’subtended by angle 0.5 rad., then 

S = 18 = (0.15 m) (0.5 rad) = 0.075 m 


Thus the unit rad. does not appear in the final answer 


4.9 Angular velocity 
Su se a body P moves counter clockwise in a circle of ra- 
dius ras shown in Fig. 4.8. The angular position of P is 8, at a 
=t, and at a later time t = t, its angular position is 9, with 
Tespect to the x-axis as shown in Fig. 4.8. 
_ The angular displacement = o, -0 = 48 
The time interval at, - t= 6 


_ We define the average angular speed of the particle 
er “Omega’) in the time interval At as o! 


The Eq 4.25 gives the magnitude.of the average angular ve- n 


locity. 
The instantaneous angular speed, @,, is defined as the limit Fy. 4.9 
_ Of this ratio as At approaches.zero: 
as lim A9 a 
The Eq 4:26 gives the magnitude of instantaneous angular INg bog 
velocity. If the angle 0 is measured in radians, the unit of angular Upon th 
velocity radian per second (rad s') Stteulay 
Also displace 
1 radian per second = 1 rad s! = 1s? Th 
the rad does not appear in the final answer. Other units teteg 
h as revolution per minute (rev. min’), are also in common us? Talley t 
i Sh 


) 


ag ers of a 
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Ea now that the univ ginny th 
e 

therefore, it is equally appropriate to telat ty hie Of frequ i 
quency’ as angular fre. 

It is important to recognize that points at ie 
tances on a rotating body have different linear speeds am hi 
circular path since the displacements are different. How, oe 
point on a rotating body has the sa ever, every 


: me value of an ular 
Be e adia] lines fixed in the body Perpendicular iG ES aie 
is © 


ough the same angle in the 
Direction Direction A N 


of rotation of rotation 
r 7 


(b) (c) 


Fig. 4.9 (a) For counter clockwise rotations @ is directed out of the page. 
(b) @ ts directed into the page for clockwise, 
(c) Curling the fingers of the right hand in the direction of rotation, the 
thumb points perpendicular to the disk in the direction of a 


same time. Thus the angular velocity is characteristic of the rotat- 
ing body as%a whole. By definition the angular velocity depends 
upon the’rate of change of the angular displacement, therefore in 
circular/rotational motion the angular displacement rather than 
displacement, is the basic quantity to be measured. 


rotation rotates Simultaneously thr 


eat j: be 
The angular velocity vector, © , is conventionally aa to 
directed along the axis of rotation. It is directed out of $ m 
Parallel to the axis of rotation, if the rotation 1s cnn Re, 
3s clockwise, as z 
3 shown in Fig-4.9(a). If the rotation is 


of 
the direction 
® is directed into the page. One way of assigning right hand 
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around the axis of rotation: in the direction of rotation, B. 
hand thumb then points in the direction of O as shown Pr eae 
+! Mo) 


4.10 ANGULAR ACCELERATION 


When the angular velocity changes with respect to time 
angular acceleration is produced. That ís, the rate of change of. bi, 
gular velocity with respect to time defines angular acceleration, 4 


Let w, and w, be the magnitudes of instantaneous angua 
velocities at timé t, and t, respectively. We define the average an. 
gular acceleration a | (the Greek letter alpha) as 


5 (Az = o t Aw 

av Gt EAA 4.27 (a) 
Aw 

S N 4.27 (b) 


and the instantaneous angular acceleration as the limit of 
this ratio as At—0 


lim 4a 4.28 


Oins= ato “At. 


The S.I units of angular acceleration is radian per second per 


-2 
second or rad. S . 


The angular acceleration vector a points along the.axis ofr 


tation and is either parallel or opposite to the vector T. For exam 
ple. if we increase the rate of rotation of a disc (that, more revolu- 
tions/rotation per second) then the angular acceleration vector, © 
is directed parallel to the angular velocity vector, T, shown In 
4.10 (a). If we decrease the rotation rate (less number of 
tions/rotation per. second) then the angular acceleration vector 


_ 
is directed opposite to the angular velocity vector, © » ass 


Fig 4.10 (b). io 
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between 
the objec 
object. Ir 
that whe 
object me 


Coy 
along ac 
dicular to 
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and a,0fa pointson the 
4.11 RELATION BETWEEN pou: are also shown, 
AND LINEAR QUANTITIES. 


a Consider a Particle P in an object (in x-y plane) rotating 

4 a circular path of radius r about an axis through 0, perpen- 
cular to the plane of the figure (the z-axis) as shown in Fg 4.11. 

oe Suppose the Particle P rotates through an angle 40, in a time 

Sing Eq. 4.20, we find 

-49 = AS — 

- r 
dividing both sides of Eq.4.29 by At- the time duration in 
tation occurred, we get 


to Era As 4,30(a) 
oe — sud 
F ât o O 


a & 
i 4.11 Rotation particle about an.axis thr A 
4 Popendisarto he pare of the figure (the z axis). roug 
= a point P rotates in a circle of radius r centered at 0. ~ ` 

As A9 


E at 4.508 


__ If the time interval At is very) small (At ©) then the ange 
g Ee the particle P moves is also very small and therefore 

e ratio gives the instantaneous angular speed, w, „3S before. 
9, when At is very small{At 0), As is very small, ani the ratio 
At gives instantaneous linear speed, 9, Therefore the Eq, 4.30 


4,31 


ASVRRLES 


pati 
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4.12 TANGENTIAL VELOcrry 


The distance 4s 1s traversed alo 
followed by the particle P as it rotates during th 
gmat be the linear velocity of the particle tying alens an 
locity that fs tangent to the circular path 
Due to this reason the linear velocity ts ofte 
gential velocity of a particle movin, 
written as 
— > — 

@ Xr 


ng an are of the 


E along the ne 
as shown in Fig 4.10. 
n referred to as the tan- 
g along a circular path, and ts 


4.33{a) 

The tangential velocity 9, of a Particle moving In a circular 
path is given by the product of the distance of the particle from the 
axis of rotation and the angular velocity. 

The Eq 4.33 (a) gives an important result that every point on 
the rotating object has same angular velocity whereas the linear 
velocity/tangential velocity is not same for every point on the rotat- 
ing object. The Eq.4.33(a) also shows that the tangential velocity of 
a point on the rotating object increases as we move outward from 
the centre of rotation i.e,-as r increases. Eq.4.33(a) has been de- 
rived using the equation which defines radian, hence the equation 
is valid only when:the angular speed, œ, of the rotating object ts 
measured in radians per unit time. Other measures of the angular 
speed, w, such as revolutions per second or degrees per second 
cannot be used. 


Suppose an object rotating about a fixed axis, changes > 
gular velocity by Ao in a time At. Then the change in tangen 
velocity, Að, at the end of this interval is : 


; 4.33 0) 
46, =r åg 
dividing both sides by At, we get 
434 
Ad 
corres 2 fo 
ât At 
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es tate 


pra 


A 


ae Aw 

pie reo at ws 
tangential and the definition of i rector 
acceleration, we write caed 
Ta | 
the tangential acceleration of a point ona rotating) pálca 
4s product of the distance of the point from the aris of iton H shall | 
angular acceleration. N | ton. # 
; Li arcle. 

THE PERIOD L 
The time required for one complete re or cycle of the | celera 
otion is called time period. The period 19 denoted by T. We know E 
at greater the angular velocity, the ‘shorter the time required ot ton 
e a revolution or vice versa. (Thus the angular speed, œ oe 

nd the time period, T, are inversély related. Therefore f 

7 AO 

P s 2 = EKIA 4. 436. time 
ed r vecto: 
[PETAL ACCELERATION ie 
ent T 


B object moves without acceleration. This means 
re is no e in the velocity of the object. In other words mag 
x @direction of the velocity vector remain constant. Coti 
ly, there is any change in the velocity vector. then thee 
tion. The change in the velocity vector is 


and always points t 


oe 4a 


Teete 
u ¢ In its magnitude or change In Its dir chan, 
tef situation that is occurring for an object mo Sree, 
i with constant speed. Thus, an object mov ‘rts 

th uniform speed is continually ace 
t iseedleration vector in this Tea 
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circle. Because the acceleration is always directed 
tre of the circle, it is called centripetal accelerations Gat the cen- 
+ he word cen- 


tripetal is derived from two Greek words meaning “seeking the 
tre". Thus, the acceleration produced by virtue of th iP 
© changing di- 


rection of the velocity of an object 
ect moving in a circular path ig 
called centripetal acceleration, a-. 


Some times the centripetal acceleration, a”. 1s denoted bya, 
L 


indicating that this acceleration acts perpendicular to the path, We 
shall now show that the magnitude, a» of the centripetal accelèra- 
tion, a, is a and its direction 1s always toward the centre of the 


circle. 


In order to calculate the magnitude, a,» of the centripetal ac- 
celeration, a_, we must first find the velocity difference, AO for two 
successive positions of an object moving along a circular path, say 
at time t = t, and t = t,. Suppose the object takes a time At =t, - t, 
to go from position 1 to position 2,.as-shown in Fig 4.12 (a). 


Let at time t, the velocity vector of the moving object be d,- At 


tme t, the motion has Degertssed by an angle A9 and the velocity 
vector at position 2 is ð; as shown in Fig 4. 12(a). Font uniform cir: 


cular motion ĝ= 6, £f but the velocity vectors 3, and ð, are difer- 
ent. Thus 


mos . 3 4.37 


is solely due to the different di- 
ons. If there is no 


The vector difference, 5o 
rections of the velocity vectors at the two positi 
change in the-direction of the velocity vectors. then the vector differ- 
ence, Ao. vanishes. The vector difference between two velocity vec- 
tor is sketched in vector diagram as in Fig 4.12(b). a 

Note the angle A@ between the velocity vector 3,2 an ag ee 


same as A9 In Fig 4.12(a), since the velocity vectors , 
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8, = ò + 
a 


1 
io a iS aJs0 

the 

pendicular to radius lines at position 1 an Position erat 
ively. It follows from geometry that the triangle formed by way 


two radial lines and As (Fig 4.12(a) Jis similar to the triangle 
by the vectors ð, 8, and Ad (Fig 4.12(b)), since both are 

s triangles, and the angles A@ are the Same. Hence, 

Bog) As > 

E 438i 

Adv =9 = 4.38 b) 

Where 4s is straight line distance between the Position 1 and 

Position 2 as shown in Fig 4.12 (a). Dividing both sides of 

B(b) by At, we find 


3 i As 
a: <“ RS “At” : 4.39 
en At is very small (At +0) 


48 Ò lim As 
Ra ara 4t>o “Ar 


SSFRRREEIER 


4.41 
Eq. 4.41 gives the magnitude of the centripetal acceleration, 


In Fig 4.12 (b) when At is very small (At -0 

also very small. In this situation, the d si Bie ae 
> o ð, and 

the vector AÙ will be approximately perpendicular to them, point- 
ing toward the enne of the circle. Since the direction of the accel- 
eration vector, ac, is same as the direction of AS . the vector. ae al- 
ways points toward the centre of the circle. 

From Eq 4.32 


ù = rw 


Solving for 0, the Eq 4.41 reduces to 


2 
a. = ro 
Jg \* 2n 
a) os 
a Anr 
= 4.42 


In order to understand the difference between the centripetal 
acceleration, ay. and the tangential acceleration, ay, we consider- 
an object moving in a circular path. If the object is moving, it al- 
ways has eentripetal component of acceleration, because the direc- 
tion of travel of the object and hence the direction of its velocity is- 
continuously changing. If the speed of the object is increasing or 
decreasing (the speed is not constant or motion is not uniform) it 
also has a tangential component of acceleration. That is, the tan- 
gential component of acceleration arises when the speed of the ob- 
Ject is changed; the centripetal component of acceleration arises 


ts 
whi d. When both componen 
en the direction of motion is change! A Jeration 


of acceleration exist simultaneously, the tangenti 
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i 


ation vector respectively for the 
c 


component is tangent to the circular Path whereas th 
acceleration always directed toward the centre of the i Centr petay 
as shown in Fig 4.13 (a). The centripetal acceleration, a” 
tangential acceleration, a , are also represented by z Mi 
respectively, since the former acts perpendicular to the t E a, 
ous velocity and the latter acts along the direction of the a 
These two components of acceleration are perpendicular Mi 
other, then total acceleration, a’, by using vector diaga 
4.13 b), is given by a 


a = a + a 
The magnitude, a, of the total acceleration, a’, Is 


4.43 


ae a + a 444 
The direction of a’ with respect to a. is 
given by 
ay t 
$= tan'(— 445 
S) 


where q and a, represent magnitude of the tangential and 
the centripetal acceleration.respectively. 


< Ai 
LA 
ae 
{a) 


(b) 
Fig. 4.13 a 
Altemattvely, Fig 4.14 shows the three vectors r » 


representing position vector, velocity vector and centripetal tbe 
same instant, all drawn fror gat 
perpendle 


A 
öda 


entre of the circle. The velocity vector 0, 1s alway® 
126 
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to the position vector. r , for a circular Path, ain 
etrical property of a circle ag shown in A 
whether the speed is constant or not. In other 
ed that the velocity vector, 0 , leads the posits 


É 


Fy: 4.14 


The direction of the centripetal acceleration vector. is perpendicular 
to the velocity vector, Ò, that is, the acceleration vector a’, leads 
the velocity vector, ð., by 90°. Thus thé centripetal acceleration 
vector, a.. leads the position vector, r’, by 180°, exactly in an oppo- 
site direction -of the position vector(as drawn in Fig 4.14. Because 
the position vector, T’. is directed away from the centre of the cir- 
cular path, therefore, the centripetal acceleration vector, a,,is al- 
ways directed toward the centre of the circulation path. The magni- 
tude of these vectors\.are constant in time; but the vectors 
themselves are certainly not, only their directions are constantly 
changing 

4.15 CENTRIPETAL FORCE 


Consider a ball of mass 'm’ tied to a string of length r is be- 
ing whirled with a constant speed in a circular orbit as shown in 
Fig 4.15. We know the velocity vector, ò, changes its direction 


= 


ke 


Fig. 4.15 A ball of mass m 
rotating in a ctrcular orbit. 
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ł ' during the circular m h a 
__ tripetal acceleration which is aan re = Rc A cen 
sae “entre of thea 
According to first law of motion the inertia of b 3 
maintain motion in straight line path; however, the Ki. 
allow this to happen by exerting a force on the ball su on | 
ball follow its circular path. This force (the force of ie. ie | 
rected along the length of the string toward the centre be Pe, | 
as shown in the F ig (4.13). This force is called coer oe 
represented by F._ A >) 


Using second law of motion, we calculate the magnittide F 
of centripetal force F, . be 
R=ma, 
¥ 
substituting a. = —— 
mô? 
r 
2.2 
ER = m = mro? 
The centripetal force, vector, F. acts toward the centre of cir- 
cular path along which the object moves. In the absence of such a 
force, the object will no.longer move in its circular path; instead it 


would move along a straight line path tangent to the circle. 


a 


Some readers may be familiar with the term centrifugal force - 
or centrifugal acceleration, such a force or acceleration only oc- 
curs when the observer is in a rotating frame of reference, that is, 
the observer is accelerating. If we restrict our discussion to observ- 

er “at rest” or "moving with a uniform velocity”. we shall never 6%- 


counter centrifugal force. 


Example 4.5 

A car traveling at a constant speed of 72 km 
curve of radius 100 m. What Is its acceleration? 
= ea 128 


Jh rounds J 


na 
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i Solution $ 3 


au ` 
E The magnitude of the cen 3 
"Petal acceleration g 
2 Biven by Eq 
lees 
r 
a 72000m i 
3600s = 20ms" 
or ee 
oo = (20ms')* /100m oN 
SV 
= 4.0m 


The direction of a. at each ins 
locity vector and directed toward th 


Example 4.6 


tant is perpendicular to the ve- 
e centre of the circle, 


A 200 grain ball is tied to the end of a cord and whirled ina 
horizontal circle of radius 0.6 m._ If the ball makes five complete 
revolutions in 2s, determine the ball's linear speed, its centripetal 
acceleration, and the centripetal force. 


Solution 
The ball makes five revolutions in 2s, traveling a distance of 
2nr in each revolution 3 


2 
Time for one revolution T = a s = 0.4s 


The linear speed of the ball is 
wy 


The centripetal acceleration 1s 


2 / 0.6m = 148m5? 


as > = (9.42ms')? 
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a (2 kg) 08m) = 29.0 


c te the centripetal acceleration and centripetal fe 


nan whose mass Is 80 kg when resting on the ground “a 
ifthe radius of earth R 1s 6.4 x 10° m. the 


vit J \ 
Due to rotation of the earth, the man at equator moves ee 
rele whose radius is equal to the radius of the earth, The'man 

ces one rotation in about 24h; hence, his speed is given by 


Qny _  2r(6.4 x 10m) i 
ð = T = 24 60 605 7 465 ms 


The centripetal acceleration is 


i 2 a2 
46 . - 
a = mol perce ) =~ 3.37 x 16° mise 
R 6.4 x 10m 
The centripetal force Is i 


F = mą = (80kg (3.37 x 10°ms}) 
Fā = 2.69N. 


16 Some important relations of linear motion 
and Angular motion. 


When’an object is constrained to rotate about an axis fixed 
in space, the angular ‘variables 0, w and ct are related to each other 
in exactly the same way as are the variables, s,0 and a for motion 


for constant angular acceleration. a. une 
ad their translational motion analogs- 
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these equations, one direction along the 


positive and the other as negative. 9, o rotation axis is 


an as 
d a can be Positive 


tive. 
nepa or 


Table 4,1 


Lincar motion 
: Rotational Motion 
Constant linear € 
See 
8 o + 9 
E. = : (0) = Si t Q 
2 a 2 


l. A rescue helicopter drops a package of emergency ration 
toa stranded party on the ground. If the helicopter is 
traveling horizontally at 40 m/s at a height of 100 m 
above the ground, (a) where does the package strike the 


ground relative to the point at which it was released? (b) 
What are the horizontal and vertical component of the 
velocity of the package just before it hits the ground ? 
(Ans: (a) 180 m b) 40 m/s, —44-1 m/s) 
angle of 20° to 


of 11 m/s (a) How far does 
height reached ? As- 


2. A long-jumper leaves the ground at an 


the horizontal and at a speed 

he jump ? What is the maximum tile. 
i f rojec 

sume the motion of the long jumper nine ; m) 


wy 
> 
5 


‘5. 


from the top of a by 


of 20 m/s. If the height of building ts SPeeq 
Calculate the total time the stone in flight o we aj 
the speed of stone just before it strikes the grou tis 
Where does the stone strike the ground ? nd? (o) 


(Ans: (a) t = 4.22 s (b) V=35 Sti 
è s $ 
(c) 73.0 m from the base of buil rate 


A ball is ‘thrown.in horizontal direction from a height 
of 10 m with a velocity of 21 m/s (a) How far will it hit 
the ground from its initial position on the ground? and 
with what velocity ? 


(Ans: {30 m, 25.2 m/s) 


A rocket is launched at an angle of 53° to the horizontal 
with an initial speed of 100 m/s. It moves along its inl- 
tial line of motion with an-acceleration of 30 m/s* for 3s. 
At this time the engine fails and the rocket proceeds to 
move as a free body. Find (a) the maximum altitude 
reached by the*rocket (b) its total time of flight, and (0) 
its horizontal range. 


(Ans: (a) 1.52 x 10° m (b) 36.1 s (c) 4.05 km) 


A diver leaps from a tower with an initial horizontal ve" 
locity component of 7 m/s and upward velocity compe” 
nent of 3 m/s. Find the component of her position and 
velocity after 1 second 


(Ans: Vx = 7 m/siVy = ni 


A boy standing 10 m from a building can just bar 
reach the roof 12 m above him when he throws 45% 
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tone is thrown upward 
en angle of 30 to the horizontal and with a intial at 


£ 


2 
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the optimum angle with reg j 
Pect to th 
initial velocity component of the © gound. Find the 


(Ans: v, 6 
ox = 6.41 m/s, Voy = 15.3 m/s) 
E A ter shell is fired at a ground level 


distance with an initial velocity of 90 m/s. Wat i 


launch angle ? 


l (Ans. 71.4% 


9. What Is the take off speed of a locust if its la 


unch 
is 55° and its range is 0.8m ? á 


{Ans: 2.9 m/s) 


10. Acar is travelling on a flat circular track’of radius 200 m 
at 20 ms" and has a centripetal acceleration a. = 4.5m 
S° (a) If the mass of the car is?1600 kg, what frictional 
force is required to provide the acceleration? (b) If the 
coefficient of static friction us is 0.8, what is the maxi- 

mum speed at which the car can circle the track? 


(Ans: {a) 4500 N, (b) 39.6 m/s) 


11. The turntable of a record player rotates initially at a rate 
of 33 rev/min and takes 20 s to come torest (a) What 
ts the-angular acceleration of the tumtable, assuming 
the<atceleration is constant? (b) How many rotation 
does the turntable make before coming to rest? (c) If the 
radius of the turntable is 0.14 m, what is the initial line- 
ar speed of a bug riding on the rim? (d) What Is the mag- 
nitude of the tangential acceleration of the bug at time 
t=o? 


2 b) 5.5 rev 
: (a) - 0.173 rad/s (b 
N Oe (c) 0.484 m/s ld) 0.0242 m/8) 
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Chapter: 5 


Torque Angular 


Momentum and Equilibrium 


In earlier chapters, we have discussed the linear and angular 
motions of bodies in detail. In our dally life, we come across vart- 
ous types of motion, for example the motion of a train-from one 
station to an other, the motion of a car along a road, the motion of 
a ceiling fan, the whirling of a stone which is tied to one end ofa 
string, the other end being held in the hand, ete‘The above motion 
can be divided into two groups (i) translatory motion and (il) rotatory 
motion. 


The motion of the train and the-car belongs to the first group 
(translatory motion) whereas the-motion of the fan and the stone 
belongs to the second group/{rotatory motion). 


Even a common man can differentiate these two types of mo- 
tion according to his*ability. As a student of Physics one can difine 
these motion as follows: 


Translatory motion:- Consider a frame of reference (`, y=) 
which {s tifiagined to be rigidly fixed to an object. For an observer 
the motion of the object is said to be purely translatory if the axes 
of the frame of reference of the object remains always paralied to 
the corresponding axes of obeerver’s frame of reference (x. ys $ 1A 
a translatory motion the object may not be necessarily oma 
along a straight line, Fig.5.1, shows translational motion ee 
Ject moving from A to B and C. Observe that throughout 


as eve 
tion every point of the object undergoes same displacement 


because 18 
Deer pont We can annus the body 1 = PAE = 
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Rotatory motion:- A body (a rigid body) is said to possess a 
purely rotatory motion if every constittient particle of the body 
moves in a circle, the centres of which;are on a straight line called 
the axis of rotation.This motion is of two kinds (i) spin motion and 


(ii) orbital motion. 


Before we define and ‘give some examples of spin and orbital 
motions,we first define the axis of rotation. 

By the axis.of rotation, we mean the line about which a body 
rotates. If the lin® (the axis of rotation) passes through the body it 
self the corresponding motion is called the spin motion. Every 
point of thè spinning object moves along an arc of a circle in & 
small interval of time and the centres of all these circles lie along 2 
straight line. This straight line is called the axis of rotation. Hower" 
er, if the axis of rotation does not pass through the body. ¥° eal 

rancha rotatory motion as the orbital motion. 


Examples of spin and orbital motions: 
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The daily rotation of the earth about its own axis is an oo 
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of spin motion. Rotation of fly wheel about į 

example of spin motion. A rotating top presents ve 1S another 

of spin motion. If you happen to visit a iottectestie att example 

would see that sugar-cane crushing machine È aw e, you 

bya bullock that moves in a circular path creer Camel or 
This motion of the camel or the bullock is an orbital 5 ito 
axis of rotation passes through the machine and is pe: iia 
to the plane of rotation. The motion of planets round tae A 
also an orbital motion. In this example the axis of rotate ae 
through the centre of the sun. The motion of electrons rent the 
nucleus is an example of orbital motion. Here the axis of A 
passes through the centre of the atom. 


5.1 TORQUE 


Consider a particle of mass 'm' which is acted upon by a 
force F . Letr be the position vector of the Particle. This is also the 
position vector of the point of application of the force. We can re- 
solve this force into two rectangular components (i) Fy and i) F, 
The component Fy acts in the direction of T whereas F, acts in a 
direction perpendicular to<r, “as shown in the Fig.5.2. 


Y 


the mass but cannot rotate tt. | 
P es rotation. Let f and F be the e 
‘ . The magnitude of the to: f 

jui vecto 

the force F about the centre 'O' is PIE t 7 
ri = r FsinO 
© where 8 is the smaller angle between the sa 
j ere | ] positiv: 

and F. Le. 0 22-0 * directions 
Using vector notation, Eq. 5.1 can be re-written as 


= 


? = r x F 
a yi (5.2) 
torque vector Tt which is the vector product of r ne 

is directed along th a ee 
ong the normal to the plane defined by T and F. The 

direction of tcan also be given by the right hand rule. Rih®iSng 

Tule:-Point your fingers of right hand towards rand curkthem from 

T to F. Then the direction of the thumb will give the direction oll x 


E: 
e vector T in the determinant 


We can represent the torqu 
form as shown below : 

ijk 

erx F =ļĮ|xyz 
ERE 

the unit vectors pointing in the positive 
y and z respectively. The elements x, y 

R 

erminant are the components of r 


f the point mass 'm' whereas Ẹ § 
e F respectively: 


(5.3) 


Here {,j andk are 
directions of the axes of x 
and z as they appear, in the det 
They are also the coordinates © 
and Ẹ are the x. y. and z components of the fore 


tors on the right-hand side of 


A rearrangement of the fac 


Eq.5.1 gives 
q = (F) {rsin9) 


Here 'rsin®' is the perpendicular distance of thie line of e 

of the force F from the centre of rotation. It is represented by s 
ine segment OA in the Fig.5.1. This perpendicular dis 

nitude of 


line he 
called the moment arm of the force. Thus the mag 
p 138 
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oe 1s the ordinary product of the 


moment arm. Le. AEMUIS OF the force artes 


Magnitude of torque = (magnitude of force) x 

This means the greater the force, 
and larger the moment arm the e: 
therefore, easier to rotate a body by apana a oer a ec 
line of action is at a greater distance (moment arm) na hada 

- of the rotation than when it acts closer to the body. In the eda 

case when the line of action passes through the centre of rotation, 
the body stops to rotate because the moment arm is zero. Thus a 
tangential push on the rim of a wheel will Cause a fotation, while a 
similar push along the axle of the wheel is unable to produce any 
such rotation. In Fig 5.3 a wheel rotates<about an axis passing 


(moment arm) 
the larger will be the 


Fig. 5.3 The Turning effect ofa force 
ts greater, the farther ts-the line of 
action of the force fromthe axis of 
rotation. 
through its centre.'O'. The turning effect on the wheel has been 
-shown by applying a force at different points on the wheel. 


A body can rotate clockwise or counter-clockwise. As a con- 
vention, ¢ounter-clockwise rotation is taken as positive while a 
clockwise rotation as negative. Hence a torque which produces a 
counter-clockwise rotation is considered to be positive and that 
producing a clockwise rotation is taken as negative. 


x di- 
Two forces which are equal jn magnitude but oppos wane 
constitute a couple as 


rection and not acting along the same line 
hown in Fyg.5.4. The forces constituting the couple are neo | 
ed byF’and - F’. j 
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Two forces equal in magnitude but opposite in di D 
not acting along the same line constitute a couple. 


ider a couple composed of two forces F F acting 
nts 'A' and 'B' respectively as shown in ig 5.4. The mo- 
-> 
sf force F about the origin 'Ọ' is 
ee, F o` 
: q where A is the position vector, ofthe point A. The moment of 
he force - F about the same pointis 
A mN 
F, x (F) Q, 
; <5 >. : : 
"Where r, is the position vector of the point B. The total mo- 
ient of the two forcesis given as 3 


£ 


r, x(-F) 


=- -> 
Px- F 


€ displacement vector from B to A 
nt of the couple (F - F). Since 


to the plane containing F ang & and is ae 
[The magnitude of t i given 
rule g he vector ? by definition Y the Mght-hang 
t = (r) (F) sin (18029) 
t = r Fsinð 


15.5 
Where 9 is the angle between T and e ra ) 
~ tis evident from 


Fig 5.4 that rsin® is the Perpendicular distance bet 
of action of the forces F and -F , Let us denote eo the lines 
i@' (d=rsin®). The Eq.5.5 takes the form.. S distance by 


Tt = (F) (d) = Fd 
(5.6) 


The perpendicular distance 'd' is 
called 
the couple. Consequently. Re momentai 
Magnitude of the moment of a couple = 
Magnitude of any of the forces forming the couple x 


Area of the couple.- 


As T is the displacement vector from -F to F, itis indepen- 
dent of the location of origin, Hence the moment of a given couple 
is independent of the location of origin. 


5.2 CENTRE OF MASS 


In translational motion each point on a body undergoes the 
same displacement as any other point as time goes on, so that mo- 
tion of one particle represents the motion of the whole body. But 
even-when a body rotates or vibrates as it moves, there is one point 
onthe body, called the centre of mass, that moves in the same way 
that a single particle would move under the influence of the same 
external forces. 

y or a system of particles is 
al mass of the body 


ere and all the ap" 
we can de- 


The centre of mass of a bod 
defined to be a point which moves as if the tot: 
or the system of particles were concentrated th z 
Plied forces were acting at that point. This means tha! 


the motion of " 
Scribe the motion of the whole system © = 
141 p. 


r the body by the 


ss. For example, consider a recta: rae. 
smooth horizontal surface. Let the block be a, 
per of forces. In order to describe the motion fan 
. a whole we assume that these forces were acting at 

of mass which is the geometrical centre of the block tte 
e total mass is supposed to be concentrated. We then 
tant of these forces and apply Newton's second law of 

to determine the acceleration and hence the velocity te 
e of mass at any instant of time by using initial condition of 
motion. The motion of the block is same as the motion of the cen. 
tre of mass. we 


The centre of mass is often confused with the centre of gravi- 
ty. The two terms are so similar in many respects that one can use 
the two terms interchangeably. The centre of gravity of an extended 
object coincides with its centre of mass if the object is in a com- 
pletely uniform gravitational field. If this isnot the case the centre 
of gravity does not coincide with the centre of mass. 


Let x,. y, and Ze be the.coordinates of the centre of mass, 
then in a completely uniform gravitational field, these are given by 


Lm Xj 
Emi 


Zm Yi 
gay = Emi 
Emi Zi 
Zo Em, 


Where x. Y; Z; are the coordinates of the particle of mass Mi 


Example 5.1 


hich are placed 


Locate the centre of mass of four particles w 
the four corners of a square of sides 2 


m each as shown "' y 


= 


“my = 1kg m, = 4kg 


TA 


ution: This is a two dimentional probl Ror the sake of 


we take the two adjacent sides of thé Square in the direc- 
: ea) 
the coordinate axes. Let x, 3 
f c and yebe the x and y coordi- 
the centre of mass then ; 


my Xı + Mz X2 + Ms X3 + Mf X4 


my, + M2 + Ma + miy 


1x0 + 2x0 + 3x2 4)4x2 


m Ye + ma Yz + Ms Ys + M4 ýa 
<> m, +m +m +m, 


‘1x0 + 2x2 + 3x2 + 4x0 
1+2+3+4 


¢ AND CONDITIONS OF EQUILIBRIUM, we 
bod, is said to be in equilibrium If itis at rest poy N 
a uniform velocity. A body at rest 1s sald to be in sta wt 
j a while a body In uniform motion along a strat Ati 
said to be in dynamic equilibrium. In both the cases the eci 
not possess any acceleration neither linear nor angular, Head 
the bodies in equilibrium do not possess any acceleration, all 


{A) Static equilibrium ; S 


A book lying on a horizontal table is in static eirt 
Building and bridges are also in static equilibrium. There are ma 
more examples of static equilibrium around us. 


(B) Dynamic equilibrium l 


Consider a vertically downward motion of a small steel ball 
through a viscous liquid like mustard oil contained in a vertical 
tube which is clamped with a stafñd: The ball is dropped gently into 
the oil. Initially the ball has accelerated motion. But after covering 
a certain distance it attains’a uniform vertical velocity. This unl- 
form vertical motion of the steel ball is an example of dynamic { res 


5.4 


equilibrium. In this example the force of gravity acting vertically fer 

downward on theball is counter balanced by the viscous force act- 

ing vertically upward on it. Hence a net external force acting on the s 

ball is zerov As a result of this the ball acquires uniform vertical 

motion. 

Another example of dynamic equilibrium can be present: k 

ed by considering the Jumping of a paratrooper from an helicopte 

In this case the force of gravity acts on the paratrooper 1 â 
= cally downward direction whereas the reaction of air on the m 
chute acts in the vertically upward direction. These two pe e = 
5.6. Thus the net force 4 F j k 


_ ance each other as shown In Fig. 
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ne system (the parachute and the Para; 
system moves downward with a uniforn isk z 


Zero. Hence the 


Fg. 5.6 After a parachute 

Js a certain distance, it R and 
Wwnward there: 

velocity. after with a uniform 


5.4 FIRST CONDITION OF EQUILIBRIUM 


The condition states-that a body will be in equilibrium if the 
resultant of all the forces acting on it is zero. This condition is re- 
ferred to as the first condition of equilibrium. 


Let Ẹ , E pereso E be the n external forces acting on a body. 
The first condition of equilibrium states that 
P +E F 5.7 (a) 


DEEE ti + F =0 


tten 
Using the summation sign, the above Eq 5.7 can be wri 


as 
5.7) 


then 


n = 


_ =O 


x-y plane, 
If we restrict to forces in one plane, say. themi 


e the unit vectors in the direction of x and y aye, 
the Eq. 5.7 can be written as 


J) + (Fi + FJ) poeeseeee t (Ft +F, 


J) 
: AN 
Ra + Fyt vet Fu) d + (Ry + Eyt oet A 

1 X3 


Let F be the resultant of the forces R, RSS. F, 


CY 


N 


(Fix + Fy tee tF É Fy + F,y+ 


Equating the x and y components of the forces - on both the 
s of the above equation we get 


m the summation sign in the å 
tion of equilibrium in the form above eq 


=F, = 0 
and 
IF, = 0 < > 
One important point to be noted heres that all the compo- 
nent forces should be written with their proper els, 


Let 6), @,..... , ON be the angles which the forces Ẹ , E,... F, 
make with x-axis respectively as shown in Fig. 5.7 


X 


_ Then we have 4 
a ix: = F, cos 0, . Fx = F, cos Dr reeree 


‘equilibrium fs then written as 


is 

Fy = >. Fy 008 = 0: ie 

Joa 3 

ad n 5.8(c) 
ER- > Fy" > F sing= 0 


tal J=1 


ple 5.2: 


x A block of mass 20 kg is suspended as shown in Fig, 
= Find the tensions T, and T, in the two strings. ‘Take the vale 


g= 9.8 m/s’. ~ 


Fig: 5.8 


20kg 


Solution: 

Since the block fs at rest, we will apply the first condition of 
equilibrium to evaluate T, and T,. As shown in the force diagram 
there are three forces acting on the block. They are 


(i) the tensfon T, acting along the string I. 
(ii) the tension T, acting along the string 1 
(ili) the weight W of the block acting vertically downward. 


and y comp?“ 


We resolve these forces into their respective x 
x-components 


„nents. Applying first condition of equilibrium for the 
f the forces we have 


‘The first condition of equilibrium for the — os 
J forces be. 
Eeo j = 
T, sin 30° + T, sin 60° - w = 0 ©“ 
1 3 
Soy +T, x SDN wed 


T, + y3 T = 


mx 


T, + y3 x y3 T, = 2w 


4T, = 2w 


T = a> 20(kg) x 9.8(m/s) _ 
ad 2 


es for T,. we get 
Ae = 98/3 N = 169.74N 
i SECOND CONDITION OF EQUILIBRIUM 


Earlier we have studied that whenever, a net torque acts on 


_ a body, rotation is produced in it.The body is said to in rotational — 


equilibrium, : if the vector sum of the torques acting on it is zero. 


et, E 3 er az are the torques on the body, then 


98N 


rutum 


x 


“a the two conditions of equilibrium written together are 
“gf eo. If -% Fy = 0 
ty = 0, about any axis Baw 


SLR 


A 15m ladder weighing 600N rests against a smooth wallata 
point 12m above the ground. The centre of gravity of the ladder jg 
one third the way up. A man weighing 400N climbs halfway up the 
ladder. Assuming that the wall is smooth, find the réaction of the 
ground and the wall. 
Solution: 
By the term smooth we mean that theres no friction and that the 
reaction of the wall on the ladder ts perpendicular to the wall. Here 
we fsolate the ladder as the body-under considcration. The forces 
Í acting on the ladder are shown In Fig.5.9 (b). The weight W of the 


j 
l 
f ladder acts vertically downward at the point C so that m AC =} 


h mAB. The weight W of thè man acts vertically downward al the mid 

, point D of the ladder and F the reaction force of the wall acts 
perpendicular tothe wall. The unknown force of reaction of the 

ground on the ladder ts represented in terms of ils horizontal and 

i vertical component H and V respectively. From the geometry of the 
Fig. 5.9. we get 

mAF = 9m,mAk = 3mandmAJ = 4.5m 

Applying the first condition of equilibrium to the ladder we 


get 
=F, = 0 
^% H-F =0 : 5.10) 


H=F 
Eso 
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aoe je lad zye 
= v-600-400 = 0 
4 y = 1000N 


To write the torque equation we choose 
the point A where the unknown force a axis passing 
on) of reaction acts. By doing so the unknown aes di- 
in this equation. orce will not 


Now taking the moment about the point A we get 
it = 0 
F x (mAG) - wx(mAK) - wx (mA) =0 
or Fx 12 - 600x 3 - 400 x 4.5 = 0 
12 F - 1800 - 1800 = 0 
12 F = 3600 
F = 300N 


Since H=F 


=Q 
7" 
w 


KJ 
Fig 5.9 (b) 


<a ea 


The magnitude of the force of reaction of the ground Is R- 


R = H +V 


= 1300)" + (1000) 


151 ve 


A A cylinder of weight W and radius R is to be rai: sed on toe 
of height 'h' as shown in Fig. 5.10. A rope is ie around 
cylinder and pulled horizontally. Assuming that the cylinder 
s not slip on the step, find the minimum force F Necessary to 


the cylinder and the reaction force at the point P. 


Solution: 


When the cylinder is just ready to be raised, the reaction 


force at Q goes to zero. Hence only three forces are acting on the 
cylinder as shown in Fig. 5,10(b). From the dotted triangle d drawn in 
‘Fig.5. 10{a), we see that the moment arm d of the weight W relative 
_ to the point P is given by 


d= fe (R-h) = V/ 2Rh-h 


oment arm of F relative to the same point is 2Rh. 
the net torque acting on the cylinder about the point P is 


Wd - F (2R-h). 


_ Since the system is at rest, we apply the second condition of ; 


‘Thus the second condition of equilibrium js sufficient to 3 
the magnitude of F . We can determine the rea to 
using the first condition of equilibrium. Thus we have 


‘EE +0 

or F-Ncos@ = 0 
F= Ncos6 

and ZF, =0 
Nsin@-W=0 
Nsin@é = W 


From these equations we can easily get 


() tand = Æ aa Ww N = IÑI = /F wo 


Asan example if we take W = 500N, h = 0.3m 


and R = 0.8m, then 
D 3 


A 3 
F= 385 N. @ = 52.4° and IN I =631 N 


. Sis problem can also be solved by. noting that since only 
forces act on the body, they must be concurrent. Hence the 
lon force N must pass through the point C where F andW 
ot. The three forces from the sides-of the triangle as shown 
5.10(c). Expressions (i) and (ii) are obtained directly 


Fig. 5.10. (a) a eel of weight W pulled by a force F 


a step. 
(b) The free body diagram of the cylinder N 
when t is just ready to be raised. ~ 


(9 The vector sum of the three forces ts 2€r0..>~ 
‘\ 
5.6 LOCATION OF AXIS 
We will now show that if a body isin translational equilibri- 
um and the net torque is zero about a given point, it must be zero 
at any other point. 


In order to prove the above statement, we consider a simple 
example of a uniform bar of length 'l' resting on two pegs at its 
ends as shown in the Fig.5.11. The bar is in equilibrium under the 
action of three forces that is the weight of the bar W and the forc- 
es Ẹ and F, exerted by the pegs in the upward direction as shown 
in the es 4S & 

g the first condition of equilibrium we get 


KS = 0 (No forces acting along horizontal) 
z 5 =0 
R+R- W=0 


To write the torque equation we must choose an ands: 
pass through the point 'O' the centre of the bar. 
rest we apply the second condition of equilibriu 


{ H 
AG 


we take the moment about an axis passing 
lying to the right of 'O' at a distance x from it. <4 


y 


A Now the sum of the moments of all the three forces 


: i ; 
Et=F, (f-x)- (5+ d+wee wv 


B b-q-n-wx. < 


since Ę - Ę = 0 and Ę + Ẹ - We 0 


EIt=0 
which proves the statement. Weare thus independent in chaosing 
the axis about which the moment is to be taken. This is an impor- 
tant result because this provides a suitable choice for the location 
of the axis. By this we‘mean that one should try to select such an 
-axis for which 
(i) The unknown forces, if any, may be inactive while taking 
the moment,,This is possible only if the moment arms of these forc- 
è es are ze 
i tay’ The forces involved may be minimum in number so as to 


= 


the calculation work. t Fa 


T 


HRS ee E 


Bs 


e same way a body ha 
ar velocity and angular momen 
um is associated with angular (rotate 
in rotatory motion angular momentum p 
pletely analogous to that played by linear m 
ory motion. Angular momentum, like linear 


the law of conservation. $ ne 
" al 


KA 
order to have a tangible concept of angular mben ntum, 
discuss the angular momentum of a Parti eNConsider a 
of mass 'm'. Let r be its position ere be the line- 


Zz 


a 


= 
L 


ed snustraving te definition of the angular momentum i ofa particle 
it the origin o, Baht =Fx P we sce that the vector Ù ts perpendicular 
ingF andp. 


measured in an inertial frame of reference with on 
‘shown in Fig. 5.12. The angular momentum of the act 
arenen 'O' is defined as the vector product ofr and?’ 


omentum is a vector. Its d 
ine formed by the vectors © r 


t; 
and 
d rule. The magnitude of the angular ki ia; 


1 =mòr sind 


rere 6 is the angle between F and p’. ee motion?” 
p are perpendicular to each other, so the measure of 8 is 90° 
singo =) cw 
Thus for circular motion we have 


ITI == (r) fp) ()=rp 5.12) 


If xy.z ae. the components of F° and Px + Py + Pz are the 


ey (yp-zp)é + @p- -xp)J m -yp) k 
be 4 4 x% ern 
The above expression for ! can be written in the dete . 


In the system intemational (SI), the unit of Jength is the me- 
(m), the unit of mass is the kilogram (kg) and the unit of time is 
second (s). Hence the units of angular momentum are 


(mô (kg) (kg) (m) ) 
B 2 x 4m) (s) 


s 
= (N) (m) (s) 
= Js 


Thus the units. of angular momentum in the S I system are 
‘Joule-second (Js)... 


pl 6.555 
e “Ag 


A particle of mass 400 gram rotates in a circular orbit of ra- 
cm at a constant rate of 1.5 revolutions per second. Evalu- 
he angular momentum of the particle with respect to the cen” 
orbit. 


Fig. 5.13, the angular moméntum 1 
e orbit is paues to the bi e 
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> 
li 
@ which lies along the axis of Totation, U. 
tude of the angular momentum T js - Using Eq, (5.12) the magni. 


l= mdrsine 


= mr o Sing 
Where 
=ru 


m = 400gm = 0.4kg 

r = 20cm = 02~metre 

6 = 90 

l= 0.4\%(0.2) x osin 90° 
=)0.4 x0.04 x w xl 


0.016 © 


Butw= 2nf 
Where 


f = no of revolutions/sec = 1.5 rev /sec 
l = 0.016 x 2x x1.5 


— - : 159 


agen of change of its linear momentum, Thus 
ce and P. for the linear momentum, then ON 


aking the vector product of both the sg f the above 
yn with r from the left we get NF 


dp’ 


at 5.15 


But by definition F x F is the torque acting on the particle, 
st Ye 


} 
/ 


Qe 


= O+ 


ce the vector product of a vector with itself ts =>) 

x = 0) S 
Q y 
K 5.16 

cy 
This is the required relation. Thig2quation States that the 
torque acting on a particle is the tim&răte of change of its angular 
momentum. a) 


-= 
T 


pn 
v 


(Le. 


If the net extemal torqde acting on the particle fs zero, then 
Eq. 5.16, reduces to, fe) j 
35 SS 


5.17 


A 
l= constaht 5.18 


À 
Thysthe angular momentum of a particle is conserved (con- 
stant) iMfe net torque acting on it is zero. 


V The conservation law obtained for single particle Eq-(5.18) 
can be extended to demonstrate conservatlon law for the angular il 
Momentum of a system of particles. 


Consider a system of n particles which is acted upon by 
as well as internal forces. We assume that the interna! © 
ey the law of action and reaction Hence they ca 

nd the systém 19 purely under the action o 


WeyOUl 


i [ra 
g the time derivative of both the sides of the 


ays 5 d 
dtl T2 * P2) +e 


os Sex F, +. 6, x F,+--<= ExT, 
| LA 
N ES t- 520a) 
y a 
f. = Z eee t 5.20{b) 
| 
k = = ; 
> Where F, and 1; are the external force and the extemal 


torque respectively ating on the ith particle. ‘al 


_ Ifthe net extérnal torque T acting on the system is zero, then 
the total an; momentum £ :(Eq. 5.19) is given by r 


= 0 


dt 


total angular momentum of a system of 1 
if the net external (applied) te 


tae. 


mer 


(i) You might\have seen a figure skater under going a spin 
motion in the fifmale of an act. We assume that there ts no friction 
between the@sRater and the ice and hence there are no external 


torques aĝttng on the skater. Thus the angular momentum I @ of the 
skate Which is the product of moment of inertia, I, of the skater and 
the lar velocity, w, of the skater, is constant, since the moment 
of inertia depends on the distribution of mass, the skater can 
decrease his or her moment of inertia by pulling his or her hands 
and feet close to the body. As a result the angular velocity of the 
skater increases and so the spinning takes place at a rapid MEN 


who wish to make several so- 


(ii) When divers and acrobats 
feet close to their DONTE 


Saults, they pull their hands and 


mples the external force due to p 
of gravity and hence exerts no e; 
. Therefore, the angular momentum about h 
r must be constant. Thus when divers anq figu, 
o double their angular velocity of their spin motion 
ce their moment of inertia to the half its initial ya 
hands and feet close to their bodies. 


The physical quantity which tends to rotate a body is 
called .... 


In the system international, the units of torque are 
Conventionally.the torque, producing clock wise rotation 
, is taken as «x i 
(iv) The angular momentum of a body is conserved if the ; 
> het .....dn it is zero. a 


Ifthe het torque on a body is zero, it is said to bei — 
ilibrium. 


: 


HS Two forces which cannot be pii by as 
equivalent force are said to form a... 


ntum 


em international the units of a 


(Cc) 


- Torque is a vector product of two apr 
Angular momentum fs a scalar product of two 
priate vectors. 


The magnitude and direction of angular mOrA NA : 
depend on the choice of origin, EU 


ay A particle moving along a line that passes through the 
origin has zero angular moment about that origin. _ 

(W) The angular momentum of a body which is under the 
action of central forces 1s constant. ro): 

(vi) The direction of angular velocity is takensto be the 
same as that of angular momentum. 

(vil) The torque due to action - reaction force is not zero. 


(vu) Angular acceleration is in the same direction as the 
angular velocity if the latter is decreasing with time. 


(9) An electron of an atom possésses only orbital angular 
momentum. i 

(x) The orbital angular'momentum of a body is its angu- 
lar momentum about an axis passing through the 


body itself. 
fd) The centre.of mass of a body coincides with its centre 
of gravity irrespective of its mass and size. 


(C) Tick io ) the correct answer. 
OcPorque is defined as 
< @ time rate of change of angular momentum. 
fb) time rate of change of linear momentum. 
(c) time rate of change of angular velocity. 
(U) The vector quantity torque 
(a) depends on the choice of origin. 
(b) does not depend on the choice of origin. 
(©) rotates a body always in clock wise. 


(a) the same angular velocity. 

(b) the same linear velocity. 

(c) the same linear acceleration. 

(iv) The right hand rule is applied to find 
(a) the direction of a vector obtained by the vect 

of two vectors. 


(b) the magnitude of a vector obtained in the above on 


ner. OV 


(c) neither the direction nor the magnitude AY 
(v) Two forces which form a couple 
(a) can be replaced by a single equivalent force, 
(b) cannot be replaced by a single equivalent force, 
(c) are perpendicular to each other: 
(vi) The direction of torque is 
(a) the same as the direction of the corresponding applied 
force. 
(b) opposite to the direction of the applied force. 
(c) perpendicular to the direction of the applied force. 
(vil) The centre of mass of a system of particles 
(a) coincides always with the centre of gravity. 
(b) never'coincides with the centre of gravity. 
(c) coincides with the centre of gravity only in a unifom 
„~< gravitational field. 
Questions 
1. Is it possible to calculate the torque acting on rigid body 
without specifying the axis ? 
(2) Is torque independent of location of axis ? 
k (3) In the expression for torque ? = F x F’, is T equal to 
the moment arm? Explain. 
(4) 3 aer gom in a straight line, is its angular m 
respect to an arbitrary , axis 


or Produ, 


If the linear velocity of a Particle 
its angular momentum “ 


Suppose that the velocity of a farticle is com 
ea What can you Say about the direction of its 
angular momentum vector with respect to thi 

of motion? : , b- 


CA 


(9) Why is it easier to keep your balance on a moving bicy- 


cle than on a bicycléàt rest? 

(10) A projectile is fired into air and suddenly explodes into 
several fra ments. What can be said about the motion of 
the fragments after explosion? 

N 
Problems: N) 
1 Locate the centre of mass of a system of particles each 
Of mass 'm', arranged to correspond in position to the 
© six corner of a regular (planar) hexagon. 


RV 
(Ans) Centre of the hexagon 


...-- ts- 


= 


tion of centre of m 
s located at the five comers of a set 
ght pyramid with sides of length ‘1’ and 
(Ans + h from base along the line louie: a 
ax base and passing through peak), lar to the 
SB The mass of the sun is 329.390 times the e gi 
and the mean distance from the centre of the sun B pg 
centre of the earth is 1.496 x 10° km. Treating the. 
and sun as particles with each mass concentra tth 
respective geometric centre, how far from the’centre of 
the sun is the C.M (centre of mass) of the earth-sun 
tem? Compare this distance 


sun (6.9960 x 10°km) 


= 


with the mean Tadius of the 


(Ans. 4.54.X 10° km; 6.48 x 10%, 
4. A particle with mass 4 kg moves along the x-axis with a 


velocity v = 15 t m/sec, where t = O is the instant that | 
the particle is at the origin‘ | 


(a) At t = 2sec, what is.the angular momentum of the 
Particle about a point P located on the + y-axis, 6m 


from the origin?~(b) What torque about P acts on the 
pa ticle? 


` > 
MA particle ‘of mass 'm' is located at the vector position T 
and has a linear momentum vector p . The vectors T 
p are non zero, If the particle moves only in the x, 

y e, prove that 


Lx = Ly = Qand L, +0 


A light rigid rod 1 m in length rotates in the v 
about a pivot through the rod's centre. Two particles 
mass 2kg and 3kg are connected to its ends. ne 
_ Mined the angular momentum of the system about aig 

in at the instant the speed of each particle sa 
Ane: 12.5 kg m? / see out of 


(Ans. (a) 720 kg m/sec; (b) 360 N.m). | 


f 


inst a smooth vertical wall. If the Coefficient of frie- À 

yn between the ladder and the ground is 0.40, find the _ 
mum angle ®min such that the ladder may not ee ae 

= (Ans. es Noe oll 

_ A ladder with a uniform density and a mags“m' rests _ ` 

against a frictionless vertical wall at an of 60°. The 

Jower end rests on a flat surface wherethe coefficient of 

"friction (static) is 0.40. A student with a mass (M = 2m) 

T attempts to climb the ladder. What Iraction of the length 

" {of the ladder will the student Have reached when the 

ladder begins to slip? 


(Ans. 0.789) 


ae A particle of mass 0.0)kg moves in the xy-plane, At the 
me, p instant its coordirātės are (2,4) m, its velocity is (3i + 4) 
m/sec. At thişẹ»5tant determine the angular momen- 
m). tum of the particle relative to the origin. g 
> 
| 3 ù ; (Ans. -1.2k_J.S) 
AR QL A unifòrm horizontal beam of length 8 m and weighing 


JON is pivoted at the wall with its far end supported by 
Ffa cable that makes an angle of 53° with the horizontal: 
Mita person weighing 600N stands 2m from the wall, find 

a the tension and the reaction force at the pivot. 


T = tension =313N 
R = reaction force = 581N 

angle made by the reaction force with the 
horizontal 
ve Big 
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INTRODUCTION 


All of Isaac Newton's efforts in mechanics were foc 
uss 


toward the explanation of the motions of the planets aroung Wu 

and of the moon round the earth. In 1666, Newton prompted ki 
simple observation (fall of an apple toward the earth) conclu H: 
that the force that caused an apple to fall to the ground ang the 
force that kept the moon in its orbit around the earth were only dig. 
ferent manifestation of one universal force called force of Gravita. 
tion. From the above assumptions, Newton made the hypothesis 
that every body in the universe exerts a:gravitational force on every 
other body. This gravitational force ls‘responsible for the motion of 
the planets around the sun, the motion of falling bodies towards 
earth, etc. 


6.1 NEWTON'S LAW OF UNIVERSAL GRAVITATION 


In order to explain the gravitational force Newton formulated 
the law of universal gravitation as under: 


Newton began on the basis of approximation that the moon's 
orbit is ‘circular, he then calculated centripetal acceleration of the 
moon, am. about the earth applying Huygen's formula for centripe 
tal acceleration in the form 


2s y A 6.10) 

ae CT 
e circle 

Where f is a unit vector directed from the centre of th 


us sig? 
to the instantaneous location of the moving body. The min 
of ae is inward lt 


in the equation specifies that the direction o 


170 


magr 


tu 


"i 
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the centre of the circle). 


The magnitude of the centripetal accelerati 
on is then 
given 


by 
> ve 2 
lac] = a = — = r 
z 1 6.1(b) 
2nr 


Consequently, we can rewrite the above equation Tor the 
magnitude of the centripetal acceleration of the moon 
4r 


am or 6.1(c) 


where 


5 
Rm = 3.84 x 10 km and_represents the distance from the 
centre of the earth to the centre_of-the moon and called orbit radi- 


us of the moon. 


T = 27.3 days = 2.36)x 10’s and represents the time taken by 


the moon to complete one revolution around the earth. 


Substituting the values of Rm and T in Eq. 6.1{c). the magni- 


tude of the centripetal acceleration of the moon is found to be 


23 re 
ag = 2.72x 10 ms ce 


The magnitude of the centripetal acceleration of the moon 
given by Eq.6.2 provided the basis for the mathematical formula- 
tion of the law of universal gravitation. If the centripetal accelera- 
tion is a gravitational acceleration. the apple would also expels 
an acceleration of magnitude a,, = 2-72 x 10 ms. provided a = 
ple is placed at a distance of Rm = 3.84 x 10 m from the cen 
the earth. 


171 Zi 


Fig: 6.1 Gravitational acceleration of apple decreases when it is moved 


; L away from the earth. Moon and IUN have same acceleration when at 
_ the same distance. 


e know that near the surface’ of the earth ah object falling free- 
experiences an acceleration of 9.8 ms° the value of a, is then 
4 po omatey equal toio that of the acceleration due to gravily 
_ g=9.8 ms at the surface of the earth. 
that 1s, st 


Sa 


(6.38 x 10° km)" 
F CAOR 
(3.84 x 10° km) 


eleration Is the gravitational acceleration) falling in its ók. 

that the acceleration of the moon because of the gravitational 

force exerted on the moon by the earth, depends inversely as the 

square of the distance from the centre of the earth to the centre of 

the moon. To make the law a truly universal law of gravitation it 

must apply to any pair of bodies A and B and not just eee earth 
and the apple, or the earth and the moon. SS 

The magnitude F,n , vy n of the gravitational aXe F, onAbyB €X- 

“og on body A due to the presence of the bedy B Is given In the 

fo! N 


FonAbya % 6.6 


(romped 
Where r, FrmBtoa describes:thé position of body A with re- 
spect to another body B as shown‘in Fig. 6.2 


The magnitude, Fon «ty of the gravitational force Fon A by B 
must also be proportional) to the mass mą of the body on which it 
ts acting, 


=, 
Fona by B 


d B 


FS 
ona by B 


4 


N 


mpg 
mA ! | 
age mee oe fem 


T From BtoA 


Fig: 6.2 gravitational force between mg and mg 
he 


therefore 
Fonabya o Ma ` 


e bodies A and B are chosen arbitrarily; 
sence of the body A. th 


ae 


A 4 
he third law of motion, the magnitug 


bys = Fon B by A 
portionality Eq. 6.7 can therefore be written ag 


l Fonatys ~ My 
when proportionalities are taken together 


Fonatys % Ma Mg 
Combining Eq. 6.6 & Eq. 6.9, we get 


á Fon A by B < mM, Mg ‘i (trom B to a)? 


When written in form of an equation 


ma Mg 


a 6.10 


2 
(from B to A) .. 


Eq. 6.10 gives the magnitude of the gravitational force and 
Gis a universal gravitational constant (G= 6.673 x10" N-m?/kg) 


D The equation 6.10.can be expressed in vector form which 
_ then gives the direction.as well as magnitude. As shown in Fig. 6.2. 
force exerted, 6n’body A by body B is always directed toward 
B and actsalong the line joining their centres and vice versa: 
the disp acément vector r from B to A is directed from the body 
OA, veiw 


pad m, mg a 
7 Fona ty B = — G- liromB wa 
ot (from B to A) 


‘negative sign shows that the gravitational force is att 
‘ d 


es. 


mes as shown In Fig. (6.2) 


‘These two gravitational forces constitute an san reaction pair 
in accordance with Newton's third law. X X4 


K 
We may substitute shorthand notation for the subscripts 
such that 


=> => 
(i) FromatoB= Fas 


> + 
Ema Fax KO 
SAQ 
au) A 1B > Tex 


tw) Fen Lin 
consequently, we rewrite Eq. 6.10, Eq. 6.11 (a) and Eq. 6.11 
(b) in the. = 


mima 6.12(a) 
om 2o a 


F = "Every body in the universe attracts every other 
force which is directly proportional to the product of their 


and inversely proportional to the square of the distance p 
them and directed along the line Joining their centres", 


The value of the gravitational constant, G, was q, 
experimentally. The first accurate measurement was made 72 
Cavendish in 1798. Later in ninteenth century significant improve. 
ment were made by Poynting and Boys. The present accep te 
of the universal gravitational constant G was obtained by PRHeyi 
and P. Chizano Wski at the U.S National Bureau of standards, Le 


au Daa 
G = 6.673x10 N m/kg 
Example: 6.1 


Compute the gravitational force of attraction between two 


balls each weighing 5kg, when placed- at a distance of 0.33 m 
apart. 
Baie 


r 


=U) 
6.673 x10 N m’/kg’x 5kg x 5kg 
(0.33m)? 


-8 
= d5x10N 
SN 


cx 
6.2 S AND AVERAGE DENSITY OF EARTH 


Mass of the earth can be determined by using the Nev 
law of universal gravitation. Consider an object of mass M pla 
near the surface of the earth. If Mg is the mass of the earth 4 
its radius, then the magnitude of the gravitational force with 
_ the earth attracts the object towards its centre, is given by 

uf! 


Solving for Mp we get 
Reg . 
G 


KY 
Since Rg = 6.38 x10° m, g = 9.8ms? and\@= 6.67 x10" N 


-mê kg? 
Therefore 


9. 8 (ms”) x (6. 38.x.10°m)? 
Be A 
6. 67 x 10" (Nem? kg?) 


Mg = 


= 5.98x 10™ kg 


The average density or mass per unit volume, p, of the Earth 
is given by 


x : 

eS ay 6.16 
Q 

Where V is the volume of the earth 


© 
WS, = = aR 


Oe 
wa 
x 


cx 
Where T is period of revolution of earth around sun. (365.30 
ox 


cy 


«< 


= 
©) GT 
y astRomical data, we know. 


earth for two reasons. First, the 
idly, its rotation, The earth is not re. 
‘at the equator. Therefore if a body ts taken from a j 
its distance from the centre of the earth will change 
ently, in accordance with Newton's law of gravitation, the 
tational pull on it will also vary. 


(a) Now let us consider the variation of g when PAS bit 
distance upward or downward from the earth's surface-Let g be 
the value of acceleration due to gravity at the surfage of the earth 
and g ata height h above the surface of the eart X Tf the earth be 
considered as a sphere of homogeneous composition, then 'g' at 
any point above its surface will vary inversely’ as the square of the 
"distance from that point to its centre. From Eq 6.15 we found that 

gis given by Ww 

-Mg G 
g= 6.18 
Similarly, the value of g'at a distance (Rg + h) as shown in 
a X7 
Fig. 6.3 is given by 
sè 


er 


refore 


EE RR 
If 'h' is small as compared to.Rg. the radius of mene 
H/Rg in the above equation will be 


we can conclude that the gre. 
is the value of g° or the value of ge 


32 x 10° 
100 x 10° < 
500 x10” 
1000x ` 10° 


3800 x 10° 


be the acceleration due to gravity at a Ce 
a shown in Fig 6.4. That is at 


Eq 6.16, the nass í 


- Dts 


ane i T 
NaS: of the earth effective for attraction . : 
surface is j 


From Eq.6.18, the value of g at the surface is given by O 
Mg G X 
x 623 
Re s p 


45 ree O` 
A PEN 6.23 {b} 


ow 
At depth d the value 6f acceleration due to gravity is equal to 
[LQ 


M- O 
e= a. 6.24 (a) 


(Re~ d) 
A 3 
alue of Mg in the above equation we get 


EEA oigo 


ratio g’ to g is given by dividing Eq. 6.24 (b) by Eq- 
Mss Tet 


value of g decreases with depth from s - 


It also follows that at the centre of earth, po 
gwill be zero. 
pres 
lows 
Hov 
erat 
D enc 
ig. 6.4 Variation of `g' due to depth. cer 
It can be observed from both the cases, a — due = 
ity decreases at a faster rate for a polis above the surface zj 
than for the same points below the “surface of the earth. 
m. 


The variation of 'g' in the cat interior is shown in table 


th 
Tt 
to 


j ng i ` a 

this vector is the direction of the g 

oward the centre of the earth. The magnitude of the weight is eo 
pressed in the units of force, such as newton, ae 


If an observer, stationed in a certain frame of references al- 
lows a body to fall, the body will fall with a certain acceleration, 
However, if we apply a suitable force, we can prevent it ftom accel- 
erating. This force is a measure of the weight in the\frame of refer- 


ence of the observer. Thus we can define that t of a body in a 
certain frame of reference is equal and opposite to the force re- 


quired to prevent it from accelerating from(rest in that frame of ref- 
ee) 
erence. Sy 


A force is measured by the acceleration, it imparts to a mass 
m. When a body of mass m is allowed to fall freely, its acceleration 
due to gravity is g and the-force acting on it, is its weight W. Ac- 
cording to Newton's secontaw of motion force is given by 


D) 


F= ma & 
Replacing<F” by 'W' and ‘a’ by 'g', in the above equation, we 
get EONI 


cT weight of a body is nota fixed quantity. It depends upon 
cation, as well as upon the motion of the frame of reference. 
he value of g i.e. the acceleration due to gravity, varies from place 4 
= to place. Thus the weight of the body also varies from place to 
H Place, but its mass will remain the same, provided the v $ 
i > body is negligibly small as compared to the velocity of light. 


‘S WEIGHTLESSNESS IN.SATELLITES — 


n i ce | 


Pig:6.5 A body suspended 


pose that a block is suspended from a spring balance by means of 
a thread attached to the Ceiling of the elevator. Fig 6.5 


n 

5 in an elevalor. 
si 

f 

} 


(a) When the élèvator is at rest, the force along the thread is 
i equal and opposite to the force of gravity experienced by: the block | 
and this represents true weight of the block, Le. F = mg 


a 
(b). When the elevator ts ascending with an acceleration a 
relative to the earth, then the equation of motion will be 


Fy - mg =ma 6.25{a) 


—_ ~~ =b 
Fy = mg + mā 


Eq 6.25 (b) gives apparent weight of block which is & 


tion of motion will be 


1, = ma’ 


The Eq. 6.26 (b) gives apparent weight of block which is teas 
the true weight and the body appears "li chi? 15 less 


(d) Suppose. if the cable supporting the elevator breaks, the 
elevator will fall down with an acceleration equal to g. Th Dorce 
will be ; RS 


ad 


=mg-mg [~ 2-7] 


= 0 5 6.27 

Consequently, the spring balance will read zero and the 

man in the elevator will find thatthe block has no weight besides 
the fact that the force of gravity still acts upon the block and its 

weight w is given by mg . This is referred as the state of “weight- 


lessness". 


Our discussion‘of apparent weight can also be applied to the 
phenomenon of "weightlessness" in satellites. Bodies in an orbiting 
Satellite are not weightless; the earth's gravitational attraction 
continue: fact on them just as though they were at rest relative 

pto te ath But a space vehicle in orbit has an acceleration a, to- 

b wards the earth’s centre equal to the value of the acceleration dur; 
to gravity g at its orbit radius. The apparent weight Fy is given s l 
a4 ; 


=> ~ ~ 


wity acts on both the spacecraft and the bod $ ; 
h the same acceleration. Thus a body released in it, 
craft does not fall relative to it. and it appears to b the 


6.6 ARTIFICIAL GRAVITY 


In the preceding section, we have seen that all orbiting Space 
t crafts along with astronaut and other objects are in the State of 
í free fall, and consequently will be in the state of weightless ; 
Weightlessness in space crafts or satellites is highly inconvenient 
to an astronaut in many ways. For example, he cannot pour liquid 
into a cup, neither can he drink from it. If the space craft isa 
space laboratory intended to stay in space for a long period of time, 
the weightlessness may be a severe handicap\to the astronaut in 
performing experiments. In order to overcome this problem an arti- s] 
ficial gravity can be created in the space craft, by spinning it tl 
around its own axis. Fig 6.6 


So that normal force of gravity can be supplied to the occu- 
pants in the spacecraft. 


Consider a spacecraft consisting of two chambers connected 
by a tunnel of length 20 metres. Let us see how many revolutions 
per second must»the space craft make in order to supply artificial 
gravity for the astronauts. Let T be the time for one revolution and 
v be the frequency of rotation, than v¢ = 1 


The magnitude of centripetal acceleration in this case iS gv 


s 1 a 
eo = oF R 


‘when a body falls freely a, = g; 


ov ir Pod g 


2x R 


1 9.8ms 
Se 


^ vsz — 


2x 10m > 
= 0.158 rev/s 
v = 9.5 revolutions/minute 
Thus the astronaut should feel comfortable in Space craft 


spinning at 9.5 revolution/minute at a distance of 10m away from 
the axis of rotation as shown in Fig, (6:6). 


ee T 


axis of 
rotation 


Fig: 66 Rotating spaceship ae 
“artificial” gravity for the poem — 
Their apparent weight is the sam 
earth. 
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Whether true or false, if false correct the following: 


a. 


e. 


Every body in the universe repels every other body 
a force which is inversely proportional to the Producer” 
of 


their masses. 

The force of gravitational attraction is directly proporti. 
onal to the square of the distance between two bodies, 
The force with which the earth-repels a body on its sur 
face towards its centre is equal to its weight. 


The value of g increases with the increase of tha d 
tance of the body from the centre of éarth. $ 


Gravitational force is of a very large order of about 6.67 
x10"! Nm/kg’. 


If the cable carrying the elevator breaks, the elevator will 
go up with an acceleration equal to g. 


Fill in the blanks 


(a) 


b) 


{c) 


The moon revolves around the earth due to the presence 
Of sesoses» between the earth and moon. 


The force;of attraction acts along the .... joining the two 
interacting bodies. J 


The pull of the earth on any body above the surface of 
the earth ........ as the distance from the centre of the 
the earth decreases. 


The value of g is .... of the mass of the falling body t% 
wards the earth. 

Artificial gravity can be supplied by .... the spac? cra 
So that normal force of gravity can be supplied t9 tha 
passengers. 


(b) The force with which the earth attract. 


towards its centre Is given by: 


(c) Numerical value of G can also be estimated 

ng ox by knowing 
(i) average density of earth (“circular tacts 
(ili) mass of earth. 


(d) If we go away from the Surface of the earth a distance 
equal to the radius of earth the value of g will become: 


(i) one fourth (li) one eighth (ii) one ninth 


ia (e) Weight of a body is: 
n () vectors (U) scalar (i) rotational quantity 


QUESTIONS 


1. State and explain the Newton's Universal Law of Gravi- 
© tation. 
Q 


S. Once value of G has been measured in the laboratory, 
how it can be used to determine the mass of the earth. 


Explain. 
3. How one can determine the mass of Moon? 


4. Explain how the value of g varies WG 
altitude. What is the effect of depth on 


189 | 2 ai 


DECONVCIVIVLAD Y r UTIN FIK 
ae Discuss the concept of weightlessness ini 
of space crafts. pi £ Motip . 
6. Explain how artificial gravity is useful in Space $ 
g- techno, 
PROBLEMS 


- 1. E nee is at a distance of 1 m from gam 


mass. Find the gravitational force of attraction when 


(a) 10 kg mass exerts force on the 100 kg mass 
{b) 100 kg mass exerts force on the 10 kg mass 


(Ans. 6.67 x 10° N in both casey 


2. Compute gravitational acceleration at the ‘surface of the 
Planet Jupiter which has a diameter as 11 times as 
compared with that of the earth and a Mass equal to 
318 times that of earth. 

(Ans. 2.63 times that of earth) 


3. The mass of the planet Jupiter is 1.9 x 107” kg and that 
of the sun is 2.0 x 10° kg. If the average distance be- 
tween them is 7.8'x10''m, find the gravitational force of 
the sun on Jupiter. 


(Ans. 1.613 m/s”: 69.8) 


4. The radius of the moon is 27% of the earth's radius and 
its mass is 1.2% of the earth's mass. Find the accelera- 
tion due to gravity on the surface of the moon. How 
much will a 424N body weight there? 

(Ans. 1.613m/s? : 69.8 N) 
5. What is the value of the gravitauonal acceleration at 4 
distance of 
(i) earth's radius above the earth's surface? 
(i) Twice earth's radius above the earth's surface. 
(Ans. 2.45 m/s’, 1.09 m/s) 


ae s = | 


te the gravitational aiden sd 
lege students of mass 80 and 50 kg 


‘ apart from each other. Is this force worth 
pee 


(Ans: 6.67 x 10°, Notat a 
" Determine the gravitational attraction be ‘the pro- 
ton and the electron in a hydrogen atom, assuming that 


the electron describes a circular orbit with a radius of 
0.53 x 10 m (mass of proton =, 467 x 10°27 kg 


mass of electron’= 9.1 x 10°! kg) 


(Ans. 3.62 x 10° N) 


A woman with a mass of 45 kg is standing on a scale in 
an elevator. The elevator accelerates upward with a con- 
stant acceleration of 1.2 m/s’. What is the woman's 
weight as measured by her in the elevator. 


(Ans: 495N) 
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Chapter, 7 


Work Power and Energy 


WORK AND ENERGY 


In chapter 3 you have studied Newton's laws of Motion, We 
can use these laws to write an equation for the acceleration of any body 
acted upon by any force. In addition in this we have techniques for 
finding the solution to that equation. The solution detetmine how the 
body moves when it has started in a particular manner. Thus the motion 


of almost any mechanical system can be studied by direct application of 
Newton's laws. 


In practice, however, it is often muth easier to study the me- 
chanical problems by using other relations. A very important set of 

- such relations involves a quantity called energy. However, it is im- 
portant to realize that these energy relations are not independent 
of Newton's laws and,therefore, do not involve any new physical 
principle. In fact these energy relations re-express Newton's laws in 
a form which provides us much simpler analysis of a complex 
problem (problem involving a variable forces, such as gravitational 
forces between bodies) than the direct application of Newton's laws. 


Energy is the most important physical concept which is 
Studied in all sciences. It is not a simple concept. We cannot define 
what energy is, yet we know what it can do, clear understanding of 
energy and its application was realized in 1847 when a German 
physicist Hermon Von Helmholtz enunciated the general law re- 
-garding the energy. Since then the consideration-of energy in phys” 


ical and biological processes has been a crucial ingredient in the 
effort to Understand natural Phenomena. 


ie 
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its application in various problems, A 
e is shown in table 7.1. 


Finally, we shall define power to characterize ROK. ; m 
„g work or transfering energy in or out of a system. ae 
Table 7.1 Range of energies found in universe) 
N 
Quasar explosion _ Y~ 
DE 


S 


Supernova‘explosion 


Sun's output in 1 year 


Rotational energy of earth 
Earth's annual energy from sun 
Severe earthquake 


H.bombs 

First atomic bomb 
Rocket launch 

Lethal dose of x-radiation 
Rifle bullet 


Fission of a uranium nucleus 
Electron in hydrogen atom c 


rk is an activity that requires ; 
in physics, the term has a disi 


F 


ALL L LLL 


Fig. 7.1 i 


The work done by a constant force, F. is defined as the 
product of the component of the-force in the direction of displace- 
ment. S., and the magnitude of the displacement. Using Fig 7.1, we 
can express work done by the force analytically as 

W = FScos@ = {F cosé) S 7.1 (a) 
Where 


pP- représents the magnitude of the vector F 


S =<tepresents the magnitude of the vector s 


8 - is angle between F and S z 
Alternatively, the Eq. 7.1 can be written as 


5 W = F(S cosé) 


| where S:cos8 is the component of displacement in the ¢ 
LR Thus work is also the product of the magnitude of force 


VIVUAIDYTUTURCOUUTY® 
“Ye Ba. 7-110) and £47.10 succes tat wey, 
tated 1n two different ways: Either we muluply the can be calcu- 
the force and the component of displacem magnitude of 


ent in the 
or we mulUply the magnitude of the displac omar of 
component of the force in the direction of the displacement & the 
- These 


two methods always produce the same result, 


In defining work, we have used two vector quantities name. 
ly, the force acting on the body and the displacement of the body. 
We now attempt to show that work fs a scalar quantity. 


In chapter 2, we have defined the scalar Product/of two vec- 
tors & and È as 
casa. b 
where ¢ Is a scalar quantity which is given by 


c = a bcos 


Here @ Is angle between two vectors aand b - Applying the above 
definition of scalar product in this @ase, we immediately write 
W= F ° a 
Where W (work done by the force) Is a scalar quantity by def- 
inition and is given by the product of the magnitude of the one vec- 
tor by the component of the second vector in the direction of the 
first vector. That Is, 


W =\Fd cos8 
which is exactly the same as before. 


Work ts an algebraic quantity. It can be positive or negative 
depending on the value of angle between force. F, and displace- 
ment, 5 , We have the following important cases: 


(!) When the component of the force Is in the same direc- 
- tion of the displacement (0 +0), the work is positive. as 
example, when a spring Is stretched, ‘the vok A 
the stretching force is positive: when a body ts itea, 
work done by the lifting force Is positive. 
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When the direction of the force 1s opposite to a8 
rection of the displacement (9 = 180°), the work theg 
tive. For example, the work done by the pa, Tega. 
force on the body being lifted ts negative, since tation 
ward) displacement is opposite. to the towa Ai (up. 
tational force. D gran, 
üu) When the force acts at right angles to the displac, 

(@ = 90°}, the work is zero, i.e. the force does oo 
duce work. For example, it is considered “hard wot 
hold a heavy stone stationary at stretched hand, but S 
work is done in the technical sense. If a Pas Sa j 
along a level surface while carrying a box, no work 
done, because the force has no component in the pe 
tion of the motion. When a body slides along a surface 
the work done by the normal force acting on the body is 
zero. Also when a body moves ina circular path, the 
work done by the centripetal force on the body ts zero 
because the centripetal force'ts always at-right angles to 
the direction in which the(body is moving. 


Units of work 


Work is a scalar quantity, and its unit is the unit of force 
multiplied by the unit of distance. In SI unit, the unit of work is 1 
newton- metre (1 N-m).)Another name for N-m is the Joule (J). 


lJoule =^ (1 newton) (metre) 

1J = IN-m 

1055.Joule = 1 British Thermal Unit 

1055J = 1 BTU 

In the physics of molecules, atoms and elementary particles 
a much smaller unit is used. This unit is named, the electron volts 
(V. | lev =1.60x10°J 


Commonly, used multiples of the electron volt are 
1 Million ċlectroñ Volt = 1MeV = 10° eV 


1 Billion electron Volt = 1BeV= 10!2 eV aa 
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attracts a } dy to.” 
force which 18 equal to the 


the mass of the 
the acceleration due to gravity, body and gis 


Consider a ball of mass m, which 
from the surface of the earth. The ball is moving upward and final- 
ly it reaches a height he. measured from. the surface of the earth 
as shown in Fig. 7.2. During its upward motion, the only force act- 
ing on the body is the gravitational which is its weight mg. Here we 


is initially at a height hy 


E evens 


za 
th, 


a SR ROME head PO 


Fy. 7.2 


t of the 
assume that there is no force of friction. The ane 
y 1s clearly (hp - hy)=h. Hence the work done is given 


W= Fis = Fscos® = Fig -hj) cos? 
= Fhcos@ - 


= Fhcos 180° 
«| See 


EOM VUCALI DYU 


7 


O= = mhb) [~ F = mg. cos 180° = -1] 


w= -mgħ ` i god 
72 š work 
This is the work done against the gravitational Sores hi 
negative sign indicates that the force and displacements are , The of 
sitely directed. In this particular example one should note thar pag 
f work done depends on the initial and the final positions t the | 
i 
i But this result is quite general and ts valid for any path (not shap 
sarily straight up) joining the same initial and final positions, <~ ry 
This work done is stored in the body in the form of its Pote: to th 
tial Energy. Thus 
P.E = mgh 
In the above expression for work against, the gravitational 
force, only the difference of heights, between the two positions, ap- 
pears. Hence it is not necessary to measure the vertical heights 
from the surface of the earth. The reference level may be chosen 
arbitrarily. We may take the initial position of the ball as the zero 
level to measure the height of the-final position with respect to this 
zero level. 
Consider a ball of. mass m in our hand and take it to a height ann 
h measured from the) surface of the earth. The initial position of repi 
the ball is A and its final position is B. (as shown in Fig. 7.3). There 
may be several paths through which the ball can be taken from po- 
sition A to position B. In Fig. 7.3. we have shown a few of them. 
B 
---4- 
' 
[i 
i 
| 
ih 
t— 
I 
' 
Fig. 7.3 pi 
~ 
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Work done In moving the ball fi 
along any of the paths Is the same ands ees to position B 
work-done in moving a body in a gravitational faa ee the 
of the paths and depends only upon the initial whe independent 
(heights) of the ball. final Positions 


To prove this statement, we consider 
shape in the gravitational field and show that pa See wae 
rying a body along this path ts zero. For the sake of stag le 
take a triangular path ABCA in which the base BC ts penpals pade- 
to the gravitational field as showniin Fig. (7.4). The amount.of work 


Â 


a 
t 


Fig. 4 = p 
. 7.4 
S, 
done in carrying the bodý<from A to B. B to C ànd from C to A are 
represented by W4 p Wp-c and Wo.., respectively. Thus 


-Ae 


Wasp = F&S, = (F) (S,cosa) = (mg) (h) = mgh 


>$ 


Wpac = F. S, = (F) (S,cosgq) = (mg) (S, xo) = 0 
Wlas F. S. = (F) ( S, cos (180-)) = (mg) {-S,cosB) = -mgh. 
where h = mAD 
Total work done along the closed path ABCA 
= mgh +0 -mgh = 0 : 
a “ed now divide the whole path into two parts, one from A to 
sm ‘0 C and the other from C to A 
L7 Waspecoa = Waspee + Wena 
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+ Wa -C = (o s 
; ~ Comparing these equations 
C Wasp-c = Wa-c 

Thus whether we carry the body from A to C lalong i 
rectly) or along the path ABC, the work done is the same. di. 
may be an infinite number of paths going from A to C, but the 
done along any path is the same. Such a type of field of foregut 
which the work is independent of the path is called a co; in 
field. Thus gravitational field 1s a conservative field. iw. 2 


NA 


a 


7.3 POWER 


From the practical point of view, it is interesting to know not 
only the work done by a force on an object but also the rate at 
which the work is being done. 


We define. power as the rate of doing work.When an 
amount of work AW is done in time At; the average power, Pay, Is 
defined as 


AW 
Pav = 7.3 


At y 
In the above expression if Ato, then limiting value of rvs 
is called the instantaneous power at time t. The Eq. 7.3 is written 


as - 
lim AW 7.4 
Ato At 


In thé International system of units, S I, the unit of work is l 
Joule and that of time is 1 second. So the corresponding unit of 
| power is 1 Joule/sec, which is called 1 watt (W) 
We 1J; = 1kgm?/s* | s 
1 megawatt (MW) = 10° W | 
1 gigawatt (GW) = 10° w s 
, so 
In the British’ Engiñeering system, the unit of P? 
Ib/sec (Foot.Pound/second). — 


P s 


We can express work as the Product of 
term kilo- watt-hour ts originated from tis a and time. The 
One kilo watt-hour is defined as the work done tn 

cy working at the constant rate per 


of 1 kw 
second. Since 1 hour=3600 seconds, so that 1s 1000 Joul on 


1 kilowatt hour (1 kWh) =1000 x 3600 Joules= 


3.6 x10* Joules 
We can obtain an alternative expression for power. 


equation (7.3) yas 
Aw F.S 
ea 
If W is the work done when a constant force, F, of magni- 
tude F points in the direction of the displacement, s. (= 0 
cosO=1), then ; 
- > = 
F.S FS 
Pav = ; E an F— = Fov 75 


Here Pay is the average power and ay is the average speed. 


Work done by a variable force 


The work done xby a variable force cannot be calculated by 
the direct use of the'formula. F . S for the entire displacement S 
because the force is continuously changing with the displacement. 
We consider here a simple case in which the force is changing only 
in magnitude. We assume that the force is pointing in the positive 
direction of x-axis and the body is constrained to move in that di- 
rection. 


\ 
t 


We can obtain an approximate value of the work done by a 
variable force in the following way. 


of 
We divide the total displacement into a large number ¢ 


is sup- 
small inte width Ax. A constant force 
rvals each of equal t force is taken to 
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be the force which really acts at the beginni: s 
ng of 

Obviously such a chosen constant force is ditean 3 or intera, 
tervals. The work done by the force F(x) acting 1 a fferent i 

constructed at x is SRE intervay A: 

AW = F (x) Ax | 

We calculate the work done by the forc 

the above manner. The total work done in dis 


e for each in 
x, to x, is approximately equal to the sum of 
Ax 


Placing the 
all the terms the Py | 
Q 


INjbes 
^ W = Dy F(x) Ax, X 
d= á 3 78 


Where F(x) is the force acting in the jth interval of 


wii 
Ax = Ax, and N is the total number of intervals. = 


Although the width of each interval is. small but Still finite 
Hence the force acting at the beginning ofeach interval is not the 
force which is actually acting at each point of the interval, It can be 
taken only approximately for the whole interval. The result so ob- 
tained is, thus, only approximate,.In order to obtain a better result 
for the work done we divide the total displacement into a larger 
number of intervals so as to.make the width of each interval small- 
er. As a matter of fact the accuracy of the result depends on the ex- 
tent to which the width of each interval ts made small. A far better 
result approaching the exact one is obtained by dividing the dis- 
placement into ‘an infinitely large number of Intervals so as to 
make the width of each interval infinitesimally small. An exact re- 


sult is obtained if N tends to infinity and so Ax tends to zero. Thus 
we get 
N 
we Mm 5 rwa 
Noo Sa) a aa 


The above stimmation is equivalent to the integral 


-%2 = 
f Foo dx 


ae 
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“eee lim S x, 
Nese jal Fl) Ax = | Foo ax 
x, 
We now give a graphical interpretation to 


N 
Fix) âx as foll 
£, x) ax follows 


The force F(x) is plotted versus x 
as shown in Fig. 7.5(a). The work done l te Se a curve AB 
moves through the first interval is Fix) AX, =F (x ; pli: the object 
js nearly equal to the area of the first rectangular eee It 
the work done in moving the object th rough the or p. Similarly 
F (x4) A x2 = F (x) Ax. cond Interval is 


the Expression 


It is approximately equal to the area of the Second rectan 
lar strip. The process goes on till we reach the final interval 2 
which the work done is F(xy) Axy = F(xy) Ax which is nearly pee 
to the area of the final strip. Hence the total work done is approxi- 
mately equal to the sum of the aras `of the Tectangular strips 
Fig.7.5(a). In Fig. 7.5(b) the number of Strips is greater and hence 
the width of each strip is smaller than that in Fig.7.5(a). 


Fig. 7.5(b) 
Saag 
Fig. 7.5(C) ad 
Fig: 7.5 (a) Dividing the area into a few strips ant 


(b) The strips are narrower and dit nui 
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(c) The strips are only infinites in width. maa 
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R Fig. 7-5(c) corresponds to the case when Nose ag 
‘te 4 the work done in displacing the body from x, to that 


equal to the area under the curve and bounded by teak 
its two limits x, and x3- of 


7.4 ENERGY 


} Energy Is the capacity of doing work, Energy is as, 
with the performance of work because the more work that 4 
the greater the quantity of energy is needed. Work is always do. 
by a force. It means that a body possessing an energy can One 
force on any other body to do work. On the other ‘han, Wr : 


work is done on a body, an equal amount of energy Is’storeq init 


Kinetic Energy The energy possessed by a bodý by virtue of Its 
motion is called kinetic energy K.E. i.e moving ball can break E 
glass window, a striking hammer can/drive a nail and a stone 
thrown upward can lift itself against the force of gravity. 


To find an expression for K.E of an object in motion we have 
to determine the work done by the moving object. This work is ob; 
viously equal to the change in K.E of the object. 


Derivation of Kinetic. energy formula 


Consider a body of mass m which is projected up in the grav- 
itational field with a velocity V. After attaining a maximum heighth 
the body comes to rest. The initial kinetic energy of the body is ca 
pable of doing work and is used up in doing work against the force 
of gravity. At the maximum height the kinetic energy of the body Is 
zero because it is no more capable of doing work against the grav | 

. tational force. This means that the total work done by the body §? 
measure of its initial kinetic energy. . 


5 k- ~ 1 
Work done by the body = F’. S’ = FScos [0 = 0. 098° 
ş i =FS = mgh. 
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We will eliminate h from the above equation by u o OTO 
, de braonan ; - oar 


V "V= initial velocity of the body 
vy = 0 = final velocity of the body. 


a = -g= acceleration of the body. 
S = h =maximum height attained by the body 


-V = -2gh or V? =2gh YS 
aa 
7 
Substituting this value of h in the expression for work done 
we get 
9 2 i y 
= = ec 
total work done = mgh = (mg) x Zg 2 m 


Hence the Kinetic energy of a body of mass m and moving 
with velocity V is 


K.E (kinetic energy) = 5 mv 
One should note that the expression for Kinetic energy is in- 
dependent of the way by which it is derived. 
a 
e 
ee A \ neutron travels a distance of 12m in a time interval of 
.6 x 10s. Assuming its speed was constant; find its Kinetic energy: 


S - 12m- Ye 
a —s —T = 3.3x10 m/s 
t 36x105 
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The Kinetic energy is 
s | d 
1 1 -27, Ss r 
ces = +t l D 
E 7 mV? z (7x10 kØ (3.3 x 10mg | 
-19 | 
= 9.256x 10 Joule ml 
= 5.78 eV ar! 
7.5 POTENTIAL ENERGY : | 
When a body is being moved against a field of force, an ener. 
gy is stored in it. This energy is called ‘Potential Energy? For eam. 
ple if we compress a spring, an elastic potential energy is developed ex 
in it; this energy is stored in it because a work is done in com. | fo 
pressing the spring against the elastic force. Similarly when an elec. er 
tric charge is moved against an electrostatic force,work fs done on | 
the charge. This work done is stored in it in the form of electrostat- 
ie potential energy. Similarly when a body of mass m is lifted to a 
height h against the gravitational force. {weight of the body), work 
is done on it. This work is stored in it in the form of gravitational | 
potential energy. fle 
| 
In order to derive an expression for the gravitational poten- g 
tial energy at a height (very-near to the surface of the earth) consid- on 
er a ball of mass m which is taken very slowly to the height h as 
shown in Fig 7.6. The very slow motion is possible only when the 
applied force omthe body by an external agency is equal in magnl- 7 
tude to that of the force of gravity that is 
F,,.= mg ti 
> to 
where F_, represents the magnitude of the force Foy | tu 
Under this condition the kinetic energy and the acceleration of the Pe 
body is zero. - ay 
5 > fi 
Work done by the applied force = W y= F. = #4 
m a hl 
= W aF hisa 
: = W,, = mgh 
nce ~ 


206 


BVOULUDE.COM/C/VIVUAT DOTTO TURCU JG 


Work done by the gravitational fo 
minus sign indicates that the force of gr: 
are oppositely directed. 


+ 
ree (W,) = Fy_s’ ==m, 
avity and the displacement 


Comparing the two equations for work we get 


Wa" -Wex > Wa = -W 


The work done on a body by an external agency (applying an 
external force) against the gravitational force is stored in it in the 
form of potential energy and is known as the gravitational potential 
energy represented by Ug Thus 


& 


U, = Wex = -Wa = - (-mgh) 
= mgh 7.10 
Thus potential energy of a body in the earth's gravitational 
feld at a height h is mgh which js a Positive quantity with respect to 
that at the surface of the earth which is Supposed to be the level of 
an arbitrary zero potential energy. 


SI unit of gravitational potential energy is Joule (J). 
7.6 ABSOLUTE P.E = 


The above expression in Eq.7:10 for the gravitational poten- 
tial energy is the relative potential energy of the body with respect 
to some arbitrary zero level, at which the potential energy is not ac- 
tually zero. Now we want to find the P.E of a body with respect to a 
Point at which P.E is actually zero. Obviously this point is very far 
away from the centre of the earth. The P.E of a body at a height h , 
from the centre of the earth with respect to the above said point (at 
Which the gravitational field is zero), is called the absolute P.E- 


Absolute gravitational potential energy: 
: E (mgh). 


P. 
ap In the derivation of an expression for the relative 
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from the initial position to the final position, force of gravi 
mains constant. No doubt the above assumption, for the constaney 
of the gravitational field, is valid, if the height, to which the body x 
displaced. is not large. On the other hand, when we consider Prop. 
lems involving large displacements (height h) as measureg from 
surface of the earth, e.g in space flights we cannot take the gravita. 
tional force as constant. In fact, it decreases with the increase of 
height. Hence to calculate the work done (which is a Measure of 
P.E) against the force of gravity, the simple formula F .§ can not 
be applied. 


-We have assumed that throughout the displacement of the body 
ty re. 


To overcome this difficulty we divide the entire displacement Inte 
a large number of small displacement intervalsand applying 
Newton's Law of Gravitation. 


In Fig. 7.6, a point B is situated at a very large distance from 


the surface of the earth, in the gravitational field. We want to cal- . 


culate the work done against force of gravity, in taking a body of 


| a 
m 
Bt eoeeee 


Fg:7.6 


mass m from an initial 
n). We divide the dista 
say,n of intervals of equ. 


Position A (or 1) to the final position B (oF 
nce between A & B into a large number 
al small width Ar each. 
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A ATA A 


Since âr is small, the force of gravity throughout Os tree 
value of constant fo i 


may be assumed to be constant. This sae 
eee ie average of the forces acting at tha tedi i an 
Be eva. 
The magnitude F, of the force F acting at the point 1 (frst 
end of the first interval) is given by 


Sasun Gm Me 
S can ti F o= za 
Li 
Here Me is the mass of earth, G is universal gravitational 
Cement tn constant and r, is the distance of the Point 1 from the centre of the 
1 @PPlying earth. 
Similarly the.magnitude F, of the force, F, . acting at point 2 is giv- 
en by 
Stance from r= GMMe 
vant to cal. E z 
5 a body of 


The average froce acting throughout the first interval 


P = tti 


where F represents the magnitude of the average force F 
therefore 


_ OmMe [ Ie a ] 
2 E 
Gm Me [ Tees ae : 
2 Tiere 


Gm Me f (r, +41)? +r? „Tas M1 44r 
ee OL ` | > (from figure) 
2 ony i ` 


Gm Me [ni aiee e 
m. al 
2 re ta 
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as Ar is very small, (Ar)? is negligibly small 
Gm Me[ 2" 24 2r,4r ee te 2 Flr, +44) 
—_—_ ——— —S 


2 
2 r fat tA rê 


Gm Me 


nor 


The work done in lifting the body from point 1 (position A) to 
point 2, by an applied force, which is equal and opposite’to the ay. 
erage gravitational force, is given by 


Wi = Ee ar 

Since the applicd force F and displacement ry rare in the same 
f direction. 

Wa =Far:< F = IF i. Ar = LŐN 


substituting for F, Ar in the above equation, we get 


r A GM { 1 ) 
2 “= ty T2 


Similarly the work done in lifting the body from point 2 to 3. 
3B to 4, ooroo. and so on 


r3- 


= (GM, m) — 


2 


1 1 
W,, = GMem (= : z) 


Winia 


Hence the total work done by the applied force in lifting the 
body from initial position A to final position B, we get 


BATTITT 
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(+-+) 
wW = GMem aer 
This is the P.E represented by U of the body at the point B 
nt 


with respect to the point A. Hence the potential energy of the bod 
at the point A with respect to that at the Point B is AU = -Ww x 4 


1 1 
AU = - Mem ( = RS 


— 


1 1 
AU = GMem ( E T ) 


when the point B lies at an infinite distance'i.e. Ta =e, the 


Me p.E. at that point is zero (this point becomes reference point) then 
U=<AU, 
GMem 
oy, = - —— 1 7.11 (a) 
1 
assigning an arbitrary value to tie. r, = r). the Eq. 17.11 {a) 
can be 
GMem 
U= (RE)ap,= - Sage 7.11 b) 
3, | Therefore the absolute RE of a body of mass m lying at the 
surface of the earth.is given by 
GMem 
(RE) bs = e (7.12) 


Where R, is the radius of earth 


_ The minus sign indicates thatthe potential energy is nega- 
live at any finite distance that is the potential energy is zero at ìn 
finity and decreases as the separation distance deercases. This is 
due to the fact that the gravitational force acting on the particle by 
the earth is attractive. As the particle moves in from infinity, the 


Work Wis positive which means U is negative. 


An approximate value of the absolute potential energy 3! 
a height h (hee R,) above the surface of the earth can be obtaine 
M the Eq. 7.12. 


911, . 


oe oe 
on under brackets given by binomial exp 


h ya h h y2 ye 
-) Sioa + (LY: Re) we 


h ; 
= l - — : 
e 8 
Where we have neglected higher order terms and see 


h 
eR (1 Kae SS 


7.7 INTERCONVERSION OF P.E AND K.E 
(FREELY FALLING BODY) ¢ 


Consider a body of mass m placed at a point P which isata 
height h measured from the Surface of the earth. The body pos- 
sesses a gravitational potential energy, P.E; equal to mgh with re- 
‘spect to point O lying ~~ surface of the earth. We assume that 


the P.E of the body at this point ts mg (h ~x). This value of P.E is 
ess than mg h i.e. mg’ (h-x) < mgh. This means that the body has 
Jost P.E by an amount mg x. Where has P.E gone? The answer to 
this question is as follows. 


m. ‘The body at P has zero K.E because it Is at rest its 
downward motion, its velocity increases and so there 43van increase 

in KE. We assume that there Is no force of friction Ynvolved during 
the motion of the body thus the loss of P.E SE be equal to the 
gain in K.E i.c. the P.E is being converted irg E. 


Eventually when the body reaches Just above the point O, its 
P.E is nearly zero i.e whole of its ŒE is converted into KE, It 


means that at every point, during the fall of the body, assuming 
that there is no friction, we hayé?— 


Loss of P.E = Gain KE 


In practice there {3 always a force of friction f, say opposing 
the downward motion/of the body. Here a fraction of the P.E ts 
used up in doing work against the force of friction. Thus a modified 
form of the ee equation is 


noe .E = Gainin K.E + work done against friction 
A ninK.E = Loss of P.E - work done against friction 
© 


RY = mgx- fx (7.14) 
Here f is average frictional force and ifx is replaced byh 


“¢ Gain in K.E = mgh - fh (7.15) ý 
-ôn equation like (7.15) is called work energy equation. This 
on Is very useful in solving problems. po 
Eaa . j a 


at 
ney 
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. destroyed, It can only be transformed from one fo 
: loss in one form of energy is accompanied by an ating 
u: 
the other forms of energy. The total energy nanan i 
stant, 


Let us elaborate the above statement. Energy 

created means one cannot produce energy by expending wnt 5 

We get energy only by expending something appro a zi 

we can not destroy energy. We get something equivalent in reti 

if we annihilate ít. Pair production is a good example of anahi 
` of energy. On the other hand in nuclear reactions (fission ang A 

sion) energy is created at the cost of mass. If m is the mass ai 

lated, then according to Einstein's famous mass-energy ae 

the energy produced is $ 


where c is the velocity of light in vacuum. 


The law of conservation of energy is universally accepted be- 
cause there is not a single example in.which it is contradicted. Al- 
though the law seems to be very simple but its implication is very | 
important. For example if one says that a machine can be Invent- 
ed, which works without expenditure of energy or fuel, we will im- | 
mediately discard his statement because in every real machine 
there is always a force‘of friction which must be overcome by ex- 


penditure of energy. 


The law.of-conservation of mechanical energy (Kinetic and 
potential) is-a particular case of the general law of conservation of 
energy. Here interconversion of potential and Kinetic energies | 
takes place. 


With reference to the problem of a freely falling body as dis- | 
cussed in section 7.5, the relative potential and the Kinetic ener 
gies at the point 'P' are given as. ` 


P.E = mgh, K.E=0 


* P.E.+KE. = mgh 
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Kinetic energy at ʻO’. which ts given by 


Amv? 
© where V ts the velocity with which the body reaches the point 
= O, Using the equation of motion we obtain the velocity as 
EET vis ogh 

O- VN 


Where V; = initial velocity (at P) = 0 


Vf = final velocity (at0) = V 
“ Vv 22 gh 


Hence K.E = > mv" -5 m x 2gh =-mgh. 


The potential energy at 'O' is taken arbitrarily equal to zero 
with respect to which the potentialénergy at the point P is mgh. 


P.E + K.E = mgh 


We now calculate the potential and Kinetic energy at any 
point Q at a distance x'below the point P. 


_ P.E*= mgth-x) and K.E. = 1 nv? 


N 


A 
Té heity V is calculated in sinular manner as before h, is 
replacēd'by 'x' 
N KE = mgx 


^ PE+KE= mg (h-x) + mgx 


= mgh 7.16 


$ 

=~ This shows that the sum of kinetic energy and the potential 
gy (total energy) is always constant provided there is no force. 
involved during the motion of the body. 
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< If we measure the velocity of the body just before it touches 
the ground and calculate the corresponding-kinetic energy, wa 
find that the measured, kinetic energy (say, 7 MV’) at the bot- 
tom is not equal to the potential energy mgh at the top, that 
is, 4mv*™< mgh. One may think that perhaps the conservation law 
of energy is violated. This statement is not correct. The apparent 
violation is due to the fact that we have not taken into account the 
force of friction which acts on the falling body. Work is done 
against the force of friction for which energy ts required. This ener. 
By comes from the initial potential energy of the body. When ‘this 
work is added to the measured kinetic energy. the sum ts ‘always 
equal to the initial potential energy of the body at the top. 


Examples of conservation of energy from every day life; 


(i) When we switch on our electric*bulbs, their filaments 
are heated up and begin to emit light. In switching on 
the bulb we supply electrical energy to it. It is converted 
into heat and light energies. Here one form of energy 
(electrical energy) transforms into another forms (heat: 
and light) of energies. But the electrical energy sup- 
plied is equal to the sum of the heat and light energies. 
In this example the energy is neither created nor de- 
stroyed. : 


(9) Fossil fuels e.g. coal and petrol are stores of chemical 
énergy. When they bum, chemical energy is converted 
{nto heat energy. that is. 

chemical energy = Heat energy + losses. 


(i!) The heat energy present in the steam of a boiler devel- 

ops such a large pressure that It drives a steam engine 
Here heat energy is converted into kinetic energy (me | 
chanical energy). that is, k } | 
Heat energy = Mechanical energy + losses: | 


re 
216 


- 


BVOULUDE.COMICIVIDECAIDITUT 


j (tv) In rubbing our hands we do m 


chanical work whi 
produces an equal amount of heat energy, that is, oe 


Mechanical energy = Heat energy + Lo 
7.9 VARIOUS SOURCES OF ENERGY 


LEE Es 


2 
Z 


So far we have discussed the KE & PE. There are many other 
forms of energy extracted from different Sources e.g. Wind energy, 
Hydro electricity, Chemical energy, Fossil-fuel energy, Nuclear en- 
ergy. Geothermal energy, Solar energy ,Tidal energy etc. We 
give a brief description of each as follows. : 


=. JELA 


() Wind Energy (Wind Power) 


The source of this energy is the wind. This energy is used in 
running flour mills. In Karachi near‘Suhrab Goth you can see a 
wind mill for drawing underground water. 


g 


(ii) Hydro electricity (Water Power) 


TEH 


Mangla dam, Tarbela dam and other dams in our country 
are used to produce électrical energy. Their prime function, is to 
retain river water.so that it can be shuttled off to a water turbine 
that drives an electrical generator. The Principle involves a way of 
supplying power to a generator other than by a steam turbine. 


(ili) Fossil Fuel 


Fossil fuels are remnants of plants and animals which died 
millions of years ago. Depending on the conditions of formation, 
the fuel can be liquid (crude oil), gaseous (natural gas), or soild 
(coal.peat, lignite). Coal is being used by man since long as a source 
of energy. In present age the main source of energy is gasoline. 
Fossil fuel is used for running machines for driving engines etc. 


liv) - Nuclear Energy 
heavy 
The nuclear energy is produced due to the fission of a 
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nucleus. If fission reaction occurs in a controlled manner (in a p | 
š - Te. 


actor), the nuclear energy is used to produce electrical power 4* 
nuclear reactor is working in Karachi to generate electrical soul 
The energy thus produced is more economical and non polluting ip 
fission reaction is uricontrolled the enormous energy produced in 
the form of heat causes heavy destruction. The destruction of äs 

pan due to it is a tragic example. 


` Fusion reaction, if uncontrolled can cause much more de- 
struction than that caused by fission reaction. On the other hang 
controlled fusion reaction (CFR) May generate enormous amount of 
energy for useful purpose for which the scientists are working all 
over the world 


(v) Geothermal Energy 


Geothermal energy is the earth’s natural heat. Heat, in fact, 
conducted out from the interior of thesurface of planet (earth) at a 
rate of approximately 1.5 p cal/em*-s and over a time interval of a 
year, this flux to the entire surface 1020 cal. D.E. White and D.L. 
William estimated that the<heat stored in rock beneath the USA to 
a depth of 10km is of the order of 8 x1074 cal. Of course, a lot of 
this heat is not usable. Practically, heat must be concentrated in 
geothermal reservoirs where it is to be exploitable. It is Interesting 
to observe, however. that in the upper 10 km (when the tempera- 
ture exceeds 100°c) the total stored geothermal energy exceeds, by 
order of magnitude, all thermal energy available in all nuclear and 
fossil fuel sources. 


The man is aware of hot springs, water of which have been 
heated by hot rocks. Boric acid and other chemicals are extracted 
from the steam jets in Italy as early as 1700 A.D. Larderello Com 
pany produced electricity in 1904 using natural steam for the ge 

~ eration of power. i p j 
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2) Solar Energy _ 


` Solar energy is by far our most available energy source. Our 
lives absolutely depend on it for food production and we call on it 
for a multitude of things ranging from sun tanning to clothes dry- 
ing. Solar energy could make a major impact on our energy econo- 
my (1) providing Space heating, space cooling, and hot water build- 
ing (2) providing clean fuels and (3) generating electricity by solar 
cells. o 


(vi) Tidal Energy WA 


The thought of harnessing the enormous energy coritent of both 
the ocean and tides have pervaded the minds of human being for 


centuries. The tides have their origin in the gfavitational force ex- 
erted on the earth by the moon and the sun; Water-powered mills 
operating from tidal motion were used in New England in the 18th 
century. Sewage pumps functioned in\Germany and London by us- 
ing tidal power. These systems weréfeplaced by the more economi- 
cal and convenient electric motors. 


Although no source exists that renders less. environmental 
damage, tidal energy is difficult to hamess and marginally econom- 
ical. 

The fossil fuels used as the main source of energy in Paki- 
stan. It requires a huge amount of foreign exchange to import it. 
Due to its burning environmental damage is done on a Very high 
scale. The hydro electric generation is also limited and also costly. 
For our>present and future needs we must provide indigenous 
atomic-reactor to generate electrical power. Along with solar energy 

id be exploited to a greater extent. Solar energy is ideal source 
of energy to get rid of pollution. Solar energy is available in most of 
the parts of Pakistan threughout the year. 


~ . Solved examples. A 


Q) A person pushes a toy car, initially at rest, towards a ae 
a by exerting a constant horizontal force F of mand ; 
through a distance of 1 m. (a) How much work ts done on the — 


ae 


=- 
w-F's =FS= 


= (5N) (1m) = . oa . 


(b) The initial kinetic energy Ko is zero, so the Ninel 
energy of the car is XK 
oY 
K=Ko+W=0+5S=5J. Keo) 


(c) The final kinetic energy is 


k= mo 


V= 2k fe BWE 
ord = oia Ik 10m/s 


(2) A70 kg man runs upat through a height of 3 m in 2 sec- 
onds. (a) How much work does he do against gravitational 
forces ? (b) a his average power output? 


Solution, © 


(a) work done, AW, is equal to change in his potential 
energy. mgh. Thus 


AW = mgh = (70kg) (9.8 m/s”) (3m) 


au = U,-U, =mg(h,-h,) 
But mg =7000 N and h,-h, = 300m 
AU =7000 Nx (300m) 

= 2100000u 

= 2.1 x 10° 


Q? 
>? 


Calculate the work donee a force F specified by 
O 
=3i + 4j + sk 


in ae from position B to position A along a 


Straight xX ‘The position vectors A & B are respectively giv- 
enas ¢ 
A A - A A 
r, si + 5j - 2k 
aje sk 
= + - 
(Ans: 8J) 


ee car travelling at 20 m/s comes to rest on a level 
id in a distance of 100 m. How large ts the aversda 


epider at A 
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its original kinetic energy? 


yy ws 74x10" hp. 


7 A pump is needed to lift water through a height 
_ the rate of 500 g/min. What must the minimum 
of the pump be? xX 


6. A horse pulls a cart horizontally with (a Pite of 40 lb at an 

A angle of 30° above the horizontal and.moves along at a speed 

of 6.0 miles/hr.(a) How much work does the horse do in 10 
minutes ? (b) What is the power-out put of the horse ? 


(Ans. 1.8 x10° ft. Ib (b) 0.55 hp). 


RE: A body of mass 'm' aécelerates uniformly from rest to a speed 


Vy in time t; Show. that the work done on the body as a 
a of une in terms of Vp and tẹ is 


$m Mile 


of mass 0.200 kg ts launched from rest. It reaches a 
it p lying at a height 30.0 m above the surface of t i 
from the starting point. In the process + 425 J of 
2 on the rocket by the burning chemical propella 
Tesistance and the amount of mass Tost due t 
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; . Chapter: 8 
| 
ost d, Wave Motion 


and Sound 


8.1 VIBRATORY MOTION 


In our surrounding we come across many`things which 
un dergo oscillatory or vibratory motion. Some examples are the 
motion of a pendulum, Prongs of a tuning forè when struck 


si- 

y* hp) tars string when plucked, etc. A weight attached to a stretched 
d spring. once it is released, starts oscillating. The atoms tn a solid 

at an possess vibratory motion. Similarly, atoms in molecules also vi- 
Speed brate relative to each other, The electrons in a radiating or receiv- 
n 10 ing antenna are in rapid oscillations. An understanding of vih 


rational motion is essential for the discussion of wave phenomena 


8.2 MOTION UNDER ELASTIC RESTORING FORCE 
hp). (HOOKE'S LAW) 


An important type of motion occurs w 
as a a body ts directly proportional to th 
measured from its equilibriu 


hen the force acting on 
e displacement of the body 
m position. Since this force acts only 
on, the result is a back-and-forth mo- 
motion. Consider a body of mass m, 
al spring Fig.8.1. The whole system is 
th surface. If the Spring is stretched or 
nee from its equilibrium position, and 
ng will exert a force on the body given by 


toward thé equilibrium positi 
tion called simple harmonic 
attached to a horizontal helic 
placed on a horizontal, smoo 
compressed, a small dista 
then released, the spri 
eos -kx 8.1 
Where. x is the displacement of the body from its equilibrium posi- 
tion and k is a positive constant, known as the force constant of 
the Spring. The-above equation is the mathematical statement of 
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what ts known as Hooke's law, The negative sign indicates that the 
force exerted by the spring on the body is always directed OPposi 

to the displacement. For example, when x Is greater than zero asin 
Fig.8.1 (a), the spring force is to the left that ts negative. When xis 
less than zero as in Fig.8.1(c), the spring force is to the right 

is positive. No doubt, when x = 0, as in Fig.8.1(b), the Spring ts nel- 
ther stretched nor compressed and Fs = 0. As spring force always 
tends to restore than original condition of the spring, it is some 
times called a restoring force or more correctly elastic restoring 


force. 


x=0 
1 To 
(b) x=0 
x 
i 
x=0 
-0 | PQ 
(c) i ¢e<0 
- x 
-x—t 
x=0 


Fig. 8.1 The force of spring ona mass varies with the displacement of the 
mass from the equilibrium position x = 0. 
(a) When x is positive (stretched spring, the spring force is to the left 
(b) When x is zero (unstretched spring), the spring force is zero. 
(c) When x is negative (compressed spring), the spring force is to the right. 
Once the maés Is displaced to some distance x,, (within elas- 
tic limit) from-é€quilibrium position and then released, it will move 
from the position -Xm through 0 to + Xm position. This system will 
continue to oscillate back and forth about its equilibrium position. k 
During the oscillatory motion between two extreme positions j 
= when the body passes through the equilibrium position, the total 
energy is kinetic. The potential energy is zero because the spring iS 
in the unstretched condition. As the body moves to the right or left 
_ from the equilibrium position its potential energy begins to 1n 
crease at the cost of kinetic energy. When the body is at the & 
“reme position, it stops there momentarily and kinetic energy 


K; 
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: 1 _ The total energy of the system is potentia! en p 
Mi 1 ie tries constantly to regain its original condition, the tentak 
force comes into play and the body begins to move towards tha 
um position. During this motion from extreme Position to 
the equilibrium position, the kinetic energy increases at the cost of 
tial energy till the total energy is kinetic, at the equilibrium, 
the potential energy being zero. Due to inertia, the body then 
' moves to the extreme position from the equilibrium position and 
the process is repeated for infinitely long time provided there is no 
loss of energy due to any internal or external factors. Using New- 
ton’s second law of motion, F = ma, the restoring force of the 
spring is given as 


F = ma = - kx 


k 

O aa x (8.2) 
= - constant x x 

‘ or aad-x 
Where the quantity (k/m) repres¢nts the constant of proportionall- 
ty. Minus sign shows that,thé acceleration is always directed to- 
wards the equilibrium pOsition. This back and forth (oscillatory) 
motion in which the instantaneous acceleration is proportional to 


the displacement ofthe oscillating body is called a simple harmon- 
fe motion. It is abbreviated as SHM 


8.3 CHARACTERISTICS OF SHM 


Before we derive expressions for displacement, velocity, as- 
celeration and time period of a particle executing SHM, we com- 
are SHM with uniform circular motion. 


~\ 


The connection between uniform circular motion and SHM 


“Many. aspects of simple harmonic motion along a straight 

line can be better understood and visualized by showing thelr rela- 

i tionship to uniform circular motion. Consider a point mass, m, ata 
l point P moving in a circle of radius x, with constant angular veloci- 
s 225 á x 


As the particle at point P rotates along the Circumference of a 
circle, the projection. Q. of the particle, P; moves back and forta 
along the diameter AOB. At some instant of time t, the angle be- 
tween OP and the x-axis is wt + >. when > Is the angl- which OP 
makes with the x-axis at time t =\@: This angle > is known as the 
initial phase angle. We take this-as our reference point for measur- 
ing angular displacement. As the particle P rotates on the circle, 
the angle that OP makes with the x-axis changes with time and the 
projection of P on the x-axis, moves back and forth along the diameter 
of the reference circle’between the two extreme positions x = t X, 


From right angled triangle OPQ, the displacement of 
- point Q frot e mean position Is given by 


ax, cos (wt + h) 8.3 


Fig.8.2 (a) that we take x to be positive when displacement 
right; when the displacement is to the left, coc{at + $) <0 
e negative sign Is automatically supplied. 


physical significance to the constant. 
onvenient to plot x as a function of t as S 


i ; pe. ICIVIDUATDYTUTURCUUUGTUIS 
youve com JUA 


D 


x(t) = xo Cos 27 t 
T 


Fig. 8.3 Displacement as a function of time for a particle undergoing simple 
harmonic motion. There is a time interval T (The period) between any two suc- 
cessive corresponding point on the curve, 


First we note that x., called the amplitude of motion, is sim- 
ply the maximum displacement of the particle, in elther positive or 
negative direction of the axis of x. The constant angle is called 
the phase constant or phase angle. The constant? tells us what the 
angular displacement was at the time t = 0The quantity (@t+) is 
called the phase of the motion. We also‘note here that the function 
xis periodic and repeats itself when of increases by 27 radians. 


The time T which the particlé takes to go through one full cy- 


cle of its motion is called the‘period or time period. This means the 
value of x at time t is equal to the value of x at time (t+T). We 


will show here that the‘period of the motion is given by T=2x/q. 


We know that the phase increases by 2r radians as t in- 
creases by T, then y 


Ot+o+2n=o(t+T) +6 


= woT=2n or T= 2% 8.4 
‘À The inverse of the period T. is known as the frequency of 


oscillatory motion, f. The frequency represents the number of - 
oscillations / vibration which the particle makes in one second, i.e. 


fel. _O. = - 8.5 
T 2n 


WSTAW VOUTUDE CU 


~The acceleration of the point P is directed towards the ce, 
a the circle (t.e. the centripetal acceleration) along the ies 
at shown in Fig.8.2 (b). The magnitude of this acceleration isg x 


Sp__ 2 
a = % Xo po 


Where Op = xX, © represents the linear os of the po $: 
mass at P, 


d The acceleration oí the point-Q; (Q being the projection 
point P) is equal to the component of the acceleration P along 


and is given by Fig.8.2 (b) 


are. T 


ay =-X, W? cos6. 
The minus siga `is needed because the acceleration, aeo 
gaža the left (along negative x-axis). When Qis 
see cceleration of P is toward the right; but 

e at such point the minus sign Is still needed. 


d ts directed towards the centre. Hence t 
le harmonic. Eq 8.8(b) shows that 
à the extreme positions. 
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anx 2 tO" % 
Comparing Eq 8.2 and Eq 8.8(b), we get - 


} k 
— “mn 8.9{a) 
we know that 


w= 2nf= a 


The period of oscillation or time required for one complete trip is 
T=2x V TH 8.9(b) 


The speed of the point Q is the component of the speed of 
the point P along diameter AOB as shown in F1g.8.2 (c) 


6, = Dp sind 
=x, @ sin® ~ Up =O 8.10(a) 


Substituting for sin 0, we gèt 


D = xo y 1-cos"@ 
% = ox -Å 8.10 b) 
M = x M x- 8.10(c) 


Equation 8.10(b) shows that the velocity is maximum at the 
mean position O where x = 0 and is equal to @% (0,4, = aX), and 
it ís minimum (9,,,, = 0) at the extreme positions A and B. 


© 
* 
i) 


| 8.4 ENERGY OF PARTICLE EXECUTING SHM 


We often refer to a system that-undergoes SHM as a simple 
le oscillator. In an ideal oscillator there are no frictional 
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-` losses, so energy is conserved. At any instant of time, we have: 
E = Total energy = P.E + K.E = constant 


To derive an expression for P.E we refer to fig. 8.1 and use 
Hooke's law i.e, F = -kx. Here the force is varying linearly with the 
displacement. The stretching force is zero when the displacement 
is zero and it is kx (only magnitude), when the displacement js x, 
Therefore the average force on the mass m during this displace. 

` ment is 2 +i = 4x. Hence the work done on the mass by the 
force during displacement ist kx xx= ke. This work None 


th 


on mass is stored in it in the form of P.E. Thus the P.E of the oscil- 
lating mass at a displacement x from equilibrium position is given as £ 


1 
P.E =k’ 8.11 (a) 


From the equation it is clear that the.P.E is maximum at the 
two extreme positions where x = + Xo. 4-€., (P-E) max = + kod and it 
is minimum at the equilibrium,position i.e., where x = o and J 
(P.E) min = 0- 
Using Eq 8.10(c). the expression for the K.E is given by 


’ 


a 
(K.E) =} mv" 
f yia 
AVE Var } 
KE =4 k (2-2) 8.11 (b) 


From the above Equation, it is clear that K.E is maximum | 
the equilibrium position where x = 0 and the maximum value is be- | 
ing given as (K.E )max = + kx. It is maximum at the two extreme à ; 
positions where x = + x,. The minimum value is being given -a 


(K.E)min=0 
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ic ] Therefore the total energy at any instant of the oscillating 
mass 1s given by : r 
Se Total energy = P.E + K.E B.11(c) 
he ee ees Lk ote x) 
nt 2 E 
3C TAR E a l kx? 8.11(d) 
a. 
he E = Constant 
de Eq. 8.11 (d) shows that the total energy of the masstexécuting 
il~ -SHM is conserved throughout its displacement including mean and 
aS extreme positions 
) Finally. we shall now define some important terms used fre- 
quently when dealing with simple harmonic.motion (SHM). 
le (i) Periodic motion: 
it A motion which repeats Itselfn equal interval of time Is called 
d periodic motion. If the motion {s\déscribed by a periodic function 
f(t) with period T, then 
f({t)=f(ttnT) 
Where n = 0, 15273, 
and T is the'time required to make one complete vibration/os- 
elllation: 
(ii) Frequency: 
) The number of vibrations made by a body in one second is 
Called frequency. It is represented by a Greek letter (v) read as ‘nu’. 
at It is expressed as vibrations/s or cycles/s or hertz (H,). The recip- 
2 Focal of frequency (v) 1s equal to the time period {1 
z 8.5 EXAMPLES OF SHM 
-  _ Simple pendulum 


An ideal simple pendulum consists of a spherical bob sus- 


231 


WVOULUDE.COMICIVIVCAT DY rUTUR URS 

; URS 
pended from a light, flexible and inextensible string tieg ke 
rigid and frictionless support. When the bob is displaced pea 
equilibrium position, it begins to perform oscillatory motion ts 
will show that the bob will execute SHM, if the amplitude fira 


tion is sufficiently small. 


Fig. 8.4 A simple pendulum of length L. The net force on the pendulum bab is 
the vector sum of the gravitational force Fg ard the tension in the string T. 


Referring to Fig.8.4 there are two forces acting on the pendu- 
lum the vertically downward*gravitational force, Fg = mg and the 
tension in the suspension string T . The net force acting on the 


bob is given as 

<- En > 

Fret = FotT 

We now resolve the force Fa into two components (i) one 
along the length of the string of the pendulum and (ii) the other 
perpendicular to the string. Thus we have 

(Fo) = mg cosé 


(Foi = mg sind 


Where m is the mass of the bob. Since there is no motion 
along the string, the net force acting in the direction of the string !S 
zero. This 1s possible if the component mg cos@ balances the 1° 
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aT: Hence the magnitude of the net force actin 


Fret = mg sind ig 5 


This is the restoring force which is responsible for the a 
latory motion of the bob. The displacement, x, is the distance 
through which the bob moves along the arc (traced by the bob) 


Starting from A, the displacement of the hole at B ts x = 


16, where 9 
is measured in radians. 


Using Newton's second law of motion and assuming Fps F, i 
-Aw 
the equation of motion of the bob is given as 
F = ma = - mg sinð 
a=-gsinð 


The negative sign indicates that the forcèeánd hence acceler- 
ation are always directed towards the mean position. If 9 is suffi- 
ciently small (less than about 5 degrees)then 


sind = 0 


geal 
l 


substituting for sin8, we write 


= x 
a=-s 
az“ x 8.12 
að- x 
where (g/l)is constant of proportionality 


Thus the acceleration of the pendulum is directly proportion- 
al to its displacement and is directed towards its mean position. 
Hence the pendulum executes SHM. 


Comparing Eq. 8.8(b) and Eq 8.12 and using Eq 8.9 (a). we . 
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Example: 


Find the time period of a simple pendulum whose length Is 
88.2 cm. The value of acceleration due to gravity is 9.8m/s* at the 
place where experiment is performed. 


N Solution ` 
l = 88.2cm = 88.2 x 10°m 
g = 98 m/s? 
T=? 


T = 2n V 1 

g 

3 
4 = 2x3:14] / 88.2x10 a 
9.8(m/s) 


1.885 s 


" 


8.6 GENERATION OF-A WAVE PULSE. 


A single isolated disturbance travelling through a system is 
known as a wave pulse. A simple way of generating a pulse in one 
dimensional medium is given below. 


Consider a string whose one end is tied to a fixed support 
while the other end is held by the hand in a stretched position. 
This end Is given a single up and down jerk which in tum produc- 
es a hump in the string. It (hump) travels along the string forming 
a wave pulse as shown in the Fig.8.5. The wave pulse retains is 
form only if there are no frictional losses and the height of the wave 
. pulse is not so large as to affect the tension in the string applied bY- 


the hand. During the propagation of the wave, pulse. the part 
i 234 ) 


o — 


Py: I: * of the medium (string) move up and down in a dire 


ka. ction perpendic- 
£ ular to the direction of propagation of the wave pul Perpendic. 


Se. 


h 
$, 


Fig. 8.5 in a transverse wave the particles of the medium (string) vibrate at 
right angles to the direction in which the wave itself is propagated. 

The shape of the disturbed‘part of the string containing the 
wave pulse can be described/ata given time mathematically by a 
wave function f (x) such that 


y = f(x) 
is Here y is the vertical displacement of a particle from its equi- 
librium position and x is the horizontal distance of the particle 
e É from the point where the displacement y is zero. Hence x, y are the 
coordinates of the particle. Since the wave pulse is moving along 
t the string, its position is changing continuously with time. Hence 
f the location of the wave pulse depends on time. Thus the shape of 
i the wave pulse with its location can be given by the function f (x, t) 
z such that 
7 
g . y=f(x,t) 
tS È 
k and is called wave function. 
y- 8.7 TRAVELLIN G WAVES 
X q n still 
4 _Itis a common experience that disturbance is created i 
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water of a pond, when a pebble is dropped into it. This disturbance 

Produces waves on water, which move outward, Teaching 
the shore of the pond. If we observe carefully the motion of a leaf 
floating near the disturbance, we would find that it moves up and 
down and side ways about its original position, but it does not un- 
dergo any net displacement. This 1s, the wave on water (or the dis- 
turbance which moves from one place to another, yet the water ts 
not carried with it. Fig.8.6 (d) shows such a wave on water. In this 
Case point A would correspond to the crest of the wave and pointB 
would correspond to the trough of the wave. 

These waves produced on the surface of water are known as 
travelling waves. A travelling wave can also be produced on a string 
by connecting one end of the string to a vibrating blade. As the 
blade oscillates with simple harmonic motion, every segment of the 
string can be treated as a simple harmonic oscillator vibrating with 
a frequency equal to the frequency of vibration of the blade that 
drives the string. 


A wave is characterized by three important physical con- 
cepts, the wave length, the frequency and the speed of the wave. 
The wave length is defined as the distance between any two points 
on a wave that behave identically. For example, in the case of 
waves on water, the wave-length is the distance between the adja- 
cent crests or between adjacent troughs. 


Every wave travels with a certain velocity which depends on 
the properties of the medium through which the wave is propagat- 
ing. For examples, the sound waves travel through air with a speed 
about 344 m/s at 20°C, whereas the speed of sound through solid 
is higher than this value. A special class of waves which do not 
need a material medium for their propagation are electromagnetic 
waves. they travel through a vacuum with a speed of about 3 x 10° 
m/s. 


The frequency and the time period have already been defined 
in section 8.4. 
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5 | TT. E WAVE 
à teap 8.8 TRANSVERS t ; 
> ang D Consider a long rope under tension as shown in Fig. 8.6 (b). 
t 
tun, 
dis, 
SF ts 
this 
nt R 
Nas P e w er eee td} 
ring Fig. 8.6 (a) A wave pulse travelling down a stretched rope. (b)_A pulse travel- 
th ling on a stretched rope is a transverse wave. That ts, G P on the 
F rope moves in a direction perpendicular to the wave motion. (d A longlai 
the nal along a stretched spring. The disturbance of the medium (the dis- 
Placement of the coils) is pr the direction of the wave motion . For the 
vith motion descriLed in the text. the compressed region G ts followed by on oo 
hat tended region R. (U A harmonic wave travelling to the right. The solid cane 
represents a snapshot of the wave at £ = O, and dashed curve ts a snap- 
shot at some later time t. 
= one of its end is flipped to produc@.a wave in it. A portion of wave Is 
e produced this manner. The wave consists of a hump called pulse 
aS in the rope. This pulse travels to the right along the rope with a 
of definite velocity. This type of disturbance is obviously a travelling 
ja- wave. Fig. 8.6 (b) gives four consecutive Snap shots of the travelling 
wave. In this case, the String is the medium through which the wave 
on travels. We further assume that the shape of wave pulse remains 
at- unchanged while the wave travels along the rope. 
y Itean be seen from the Fig 8.6 (c) that as the wave pulse 
7 travels along the Tope, each segment of the rope, which is dis- 
‘ turbed, moves in a direction perpendicular to the wave motion. 
ic 
£ Note that there is no motion in any part of rope in the direction of 
th 


© wave propagation. A travelling wave such as this, in which the 
Particles of the disturbed medium move perpendicular to the direc- 

d lon of propagation of the wave Is called a transverse waves, Other 

examples of transverse waves are-electromagnetic waves, such as 

light, radio, and, television waves, etc. 

= 

O s ‘STE 
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8.9 ANALYTIC NT OF 
W AVES AL TREATME TRAVELLING 


We will give a simple mathematical treatment of One dimentio,. 
transvere travelling waves. Consider a wave pulse which tg 


travelling to the right on a long stretched string with a Constant 
Speed v as shown in Fig.8.7. The pulse travels along the x-axis 
and the transverse displacement of the string is measured along y. 
axis. Fig.8.7 (a) gives the shape and position of the pulse at time t, 
The shape of the pulse is represented as Y = f (x). Here y is . ùne- | 
tion of x. The maximum displaement denoted by Ymax iscalled the 
amplitude of the wave. The distance travelled by the pulse in timet 
= 


Sel 


Fig. 8.7 (a) The shape. of a string (in this casea pulse) at t = 0. (b) Ata 
later time t the puise has travelled to the right a distance x = vt. 


is vt Fig. 3:7b). Suppose the shape of the pulse does not change 
under this condition we can represent the displacement Y for all the 
lat € measured in a stationary frame with the origin at O as 


y = f(x + vt) 8.14 (a) 


l| Similarly if the wave pulse is travelling to the left, its 
displacement is given by fa 


y = f(x - vt) 8.14 (b) 


R ay 
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Since y depends on two variables, x and 
e t we often represe; 
nt 


lo (x, t), which is read. "y as a funety 
ae | soi to understand the meaning | on of x and t”. It is im- 
S portant caning of y. 
tant : 
Consider a particular point P on th 
axis lar value of the co-ordinate © String, identified bya 
ng y. particu sx and t. As the wave Passes 
5 , th coo! a 
ne t the point P, the y rdinate of this point will increase, attain a 


S maximum value and then decreases to zero. Therefore the wave 


W function gives y co-ordinate of point at any time t. Furthermore, 

iet ift is fixed then the wave function y as a function of x defines a 
curve representing actual shape of the pulse at this time. This 
is equivalent to a "snapshot" of the wave at this tine. 
To find the velocity of the pulse we can calculate how far its crest 
moves in a short time and then divide this,distance by the interval. 
The crest of the pulse corresponds to that point for which yis 
maximum. In order to follow the motion öf the crest, some particular 
value, Say Xo, must be’substituted-for (x - tt). In order to stay with 
the crest, we must have x - Wt/=)Xo, no matter how x and t change. 
This gives the equation of motion of the crest. Putting t = O in the 
above equation, x = Xo and at later time dt, the crest ts found ata 
distance x = Xo + vdt: Thus the distance covered by the crest in 
time dt is clearly dx = Xo + vdt - xo= vdt. Thus the wave speeds 

ra which is also often referred to as the phase velocity as given by 

Sa 

ge l 

he _© The phase velocity must not be confused with the transverse 

as | Velocity of a particle in the medium. 

) Water waves in ripple tank: 

is + When a stone is dropped into a smooth pond Fig.8.8 fhe 

‘ig disturbance is produced. The disturbance extends over the surface 

) a 
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of water in the form of circles centered at the place where the a 
was dropped. As a matter of fact when the stone hits the wat, 


er 
face, it forces the latter downwards and so produces a depression 
(through), with a hump (crest) all around it. if 
(a) \ 


Fig. 8.8 (b) 


The water regains its original position due to the difference of 
pressure so produced, but then instead of remaining at rest it over- 
shoots this position because of its inertia, just as does a pendulum 
when pulled to one side of its equilibrium position Fig.8.8(b). Thus 
a circular ridge is formed. This expands into a large circle and is 
followed by a second circular ridge which expands and so on. The 
result is that the surface is soon covered with a series of circular 
crest. separated by circular troughs, all moving away from the cen- 

“tre of disturbance. Water waves can be producé by using a ripple 
tank show'In Fig.8.9. 


x a its simplest form the ripple tank consists of a sheet of 
glass round the edges of which a beach is formed so that shallow 
layer of water may be held on the glass The shelving of beach 
helps to reduce the unwanted reflection of the waves from the sides 
of the tank. A bright electric-.lamp is placed below the tank and this 

ia forms shadow of the waves on the screen if above the tank aun’ 


ror inclined at 45 is placed so as to reflect the light on tO p 
screen. T? ‘ 


ase conmvcivivTAl DIrTUIURCVUUTYU 
‘Sup, 


Ston 


| E 


6volts 


Fig. 8.9 The image of the waves is seen on the screen.which ts Just a plece of 
white drawing paper placed under the ripple tank. 


of First we dip a finger or a pencil-in the water and notice 

er- that the circular waves spread out-from it whenever it moves 

im slightly. If the finger is dipped im) and out regularly at the same 

us place, waves consisting of alternate crests and troughs follow one 

is another at regular distances: The distance from one crest to next 

he one is called the wave length. 

= If the finger 1s replaced by a dipp-r fixed to a vibrating steel 

lë strip, this will make the dippings occur at perfectly regular inter- 
vals and, further, these intervals can readily be altered by altering 
the length of the vibrating strip. 

f 

‘ The state of affair set up on the water surface is called a wave 

h motion, and three important terms are used to define it completely. 

s These are velocity, wave length and frequency. We know that the 

i frequency is the number of complete waves produced each second. 

J = 0 example, it ts the number of in and out movements made by 

é he dipper in one second. One in and out movement of the dipper is 
called one complete vibration. 
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By the time the dipper is entering the water for the ; 
time so as to produce a second trough, the trough Produced by 
first “dip” will have travelled a certain distance and this dis the 
clearly one wave length. Thus, during one vibration of the dipper 
the wavefronts travel outward a distance of one wavelength farther 
from the centre. 


In one second the total distance a wavefront travels Will be 
the wavelength multiplied by the number of vibrations per second, 
Now the distance a wave travels in one second Is the velocity of ha 
wave and hence we have 


Velocity of wave(6) = frequency (V) x waelength (aj; 
=v (8.16) 


knowing the frequency and wavelength, the velocity of wave 
can be calculated. 


8.10 ENERGY IN WAVES 


All mechanical waves travel through a medium, they carry energy 
with them and hence they are also called carriers of energy. This ts easily 
demonstrated by having a weight on a stretched string and then sending 
a pulse down the string’as shown in Fig. 8.10 (a). Whea the pulse meets 
the weight, the weight will be momentarily displaced as shown in Fig. 
8.10 (b). Actually in this process energy is transferred to the welghtsince 
work must bedone in moving it upward Le. work is done at the cost of 
energy — ts defined as the capability of doing work. 

` 

We describe here the state at which energy is carried along a 
String. We consider a sinusoidal wave (Harmonic wave) and calcu- 
late the power for this one dimensional wave. 


Consider a harmonic wave travelling along a string Fig.8.10 
(c). The source of the energy is some external agent at the left end 
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Fig. 8.10 The screen which ts just a plece of white drawing paper placed 
under the ripple trank. 


of the srting, which does work in producing the oscillation in the 
e string. The points P,Q and R represent various segments of the 
string which move vertically. The wavè moves a distance equal to 
one wavelength A, in a time T. To‘determine power transmitted by 
the wave, we first calculate the energy contained in one wavelength 
and divide the result by the time T. 


y 

á We know that every point on the string moves vertically up 
5 or down, Thus every Segment of equal mass has the same total 

3 


energy. The energy of the segment at P ts entirely potential energy 
since the segment is momentarily stationary. The energy of the 
segmentat Q is entirely kinetic energy and segment at R has both 
Kinetic-and potential energies. Now consider the segment Q. which 
has'a maximum transverse velocity (6,) max and mass A m. The total 
energy of this segment ts given by 

AE = 1 Am(9,. ax 8.17 


by dividing the above 


The power, P, of the wave is obtained 
Pression for A E by the time period T. 
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À 
Where 9 = T is the velocity of the wave and y is mass per 


‘Unit length of the string 


The above equation shows the power transmitted by har. 
monic waves produced on a string is proportional to 


(i) the velocity of the wave (ii) the square of the frequency 
and (tii) the square of the amplitude. In fact, all(the harmonic 
waves have the following general properties. 


The power transmitted by any harmonte wave is proportional 
to the square of the frequency-and to the square of the amplitude. 
It should be noted here that energy is ‘not carried by only mechani- 
cal waves (waves in a string. water waves, sound waves etc), it is 
also carried by electro-magnetic waves like light waves, micro waves, 
radio waves, thermal radiation, etc. The energy carried by electro- 
magnetic waves also depends directly upon their frequencies. This 
means high frequency. waves have more energy than low frequency 
waves. For example, energy carried by ultra vidlet light is much 
greater than those carried by infra-red light because the frequencies 
of ultra-violet light are much greater than those of infra-red light. 


8.11 STANDING WAVES 


If one end of a string, preferably a thick rubber, is fixed to â 
wall and the other end is held in-the hand, wave can be set up 
along the string when streched and flicked upward. This pulse 
which 1s in the form of a crest is reflected at the fixed end and 


passes back along the string. The crest is reversed on reflection — 


and becomes a trough as shown in Fig.8.11. 
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Fig. 8.11 The reflection of a travelling wave at the fixed end of a’stretched 
string. Note that the reflected pulse is inverted, but its shape-remains the 
icy same. 
lic However, when the string is Ughtly stretched between two 
fixed supports and then plucked, the crest extends the whole dis- 
tance between the supports. This distance is-clearty half the wave- 


al length of the transverse wave developed\iñ the string as shown in 
le. Pg.8.12. At each end, the wave suffers a phase change. The crest 
u- W, on reflection at Q becomes a trough W, and the trough W, be- 
is comes crest W,. on reflection at: P! 
S, 
o- 
is 
cy 
oh 
s | Fig. 8.12 Stationary waves set up in a stretched strings with its two 
| clamped ends as nodes and the centre as an antinode are shown. 
This simple vibration of a string consists of a transverse 
Wave passing along the string and being reflected at each end in 
| tüm. At Q the incident and reflected waves are always equal in am- 
a | plitude and opposite in phase and so the end is stationary and we 
p Ect what we call a stationary wave or standing wave in the string. 
e 
d The point where displacement is maximum 1s called anti- 
. nove denoted by A. And that where the displacement is minimum 


(zero) ts called a node denoted by N. 
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r two sinusoidal waves with the same amplit 
and wavelengh, but travelling In opposite directio 
‘Waves can be written as. 


Y, =A, sin (kx - œt) and y, =A, sin (kx + wt) 


Where y, represents displacement of a wave ws diate 
> the right taken as our incident wave and Y, represents displace 
ment of a wave travelling to the left, which 4s our ee wave. 
$ ‘The resultant wave function Y is given by KE 
K 
Y =y, + y, =A, sin (kx - wt) + A, sin (kx Edt 


aad 


Where k = 27/À and ù = 2nf. Using the trigonometric identi- 
ty. we get ; 


Y = (2A, sin kx) cos wt y 8.19 


This expression represents the wave function of a standing 
_ wave which is entirely different from the expression which is used 
to describe a travelling harmonic wave. From this expression, it is 
obvious that a standing wave has an angular velocity œ (a con- 
añt) and an tude given by 2A, sin kx. This means every par- 
le of the string vibrates in SHM with same frequency a. However 
3 Üde of the motion of a given particle depends on sin kx. 
contrast to the situation involving a travelling harmonic — 
h all particles oscillate with the same ampuan and 


t of the standing wave for any value 
ore the maximum amplitude has te) 
n ioc = EI, Le. ahmi 


piah e win 
— pac 


(CIMUGCAIDYTUTURCUUUTURG 


uvg. 
since k = the maximum amplitude N ` 
ee > (iso mentioned earlier), given by “Points called ant- 


Reh. SA nà 
-AE Er 8.20) 


Where n = 1, 3,5... It Is to be noted that anti-nodes are sep- 
arated by a distance of A/2. Similarly the Standing wave has a min- 
imum amplitude points when sin kx = 0 òr when 


kx =0,%, 2m, 3m-----2 R 8.21 {a) 
substituting for k == - In Eq. 8.21 (a) we get 

À 3A nÀ 

a = en te eens . 8.21{b) 
x =0, oe > 5 


Where n = 1,2,3..... These points.of zero amplitude called 
nodes, are also separated by b - The distance between a node and 


an antinode is a ; 


8.12 FUNDAMENTAL FREQUENCY AND HARMONICS 


We consider a stretched string of length L fixed at both 
ends as shown in Fig--8.13 (a). Standing waves are set up by a 
continuous superposition of waves incident and reflected from the 
ends. The string‘has a number of natural patterns of vibrations 
called normal'modes (as shown in Fig. 8.13 a,b,c, and d), Each of 
these modes“has a characteristic frequency, The frequencies are 
easily calculated, 
alts to be noted that the ends of the string must always be 
Nodes because they are fixed. If the string is displaced at the mid- 
dle point and Teleased, the vibration is as shown in Fig. 8.13 (a). in 
this case, the middle point of the string has the maximum dis- 
Placement, called anti-node. For this normal mode of vibration, the 
length of the string is equal to Me which is distance between two 


_ Relghbouring nodes, Since the length of the string is L, so we have 
oo. 
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Fig.8.13 Standing waves on a stretched string. All such. waves must have 
nodes at the termination points. 


L=i,/2 f 
or à,=2L 
If f is the frequency of fundarèntal mode of vibration and ð 
is velocity of the wave then we háve £ 
8 8 

ae ý 
C 
The frequency so obtained is called the fundamental frequency b 
or the first hamonic of the standing wave. ; 
l 
The same string may be made to give out next higher order p 
frequency instead of the fundamental, without altering the length x 
of the string. This is done as follows: b: 
A feather or a finger is very lighly pressed at a point half way = 
between the middle point and the end of the string. The mode of — A 
Í vibration of the string is given in Fig. 8.13 (b). The string consists of t0 ae 

if loops. The two ends of the string and its mid point are nodes where 
ca 
no 
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| to Lie. L = ,. If f, ts the frequency of this mode and 9 ts the’ 


fa | velocity, we have 
= 2, 
Sree | f, = d/A, = W/L = 2f, 
The frequency so obtained is called the second harmonic or 
: d, first overtone. It is equal to twice the fundamental frequency. 
If the string is made to vibrate in three loops, the frequency 
to, of vibration, f,, called third harmonic or Secong overtone, is given 
by 
f, = 3f, 
USt have . z 
In general if the string vibrates in n loops, the corresponding 
frequency f, is given by 
f, = nf, 3 8.22 
| and 3 
8.13 SONOMETER 


A sonometer Is a practical application of stretched strings for 
vibrating a portion of the String into desired number of loop . It 
consists essentially of a.thin metalic wire stretched across two 

juency bridges A and B. on the top of a hollow, wooden sounding bax 
about one metre long. One end cù the wire Is fastened toa peg at 
one end of the box. The other end passes over a smooth frictionless 
oréer pulley fixed at the other end of the box. The pulley carries a scale 
rength Pan, S, so’that it can be loaded to have any desired tension in the 
String.In between the two bridges A and B, there is a movable 
bridge’ C sliding over a scale to adjust the length of the vibrating 


jf way Portion of the String. Here the bridges A,B,C always form nodes at 
deo -| thelr respective positions. If there is rio bridge between the bridges 
two A and B, then the Simplest mode of vibration is one in which the 
ot - Portion of the string between A and B vibrates in one loop only. 
pee | The frequency of vibration of the string !s minimum In this 
ae | Cse This corresponds to the fundamental frequency. This is de- 


| noted by f N 


ego” | Ow place the bridge C just in the middle of A and B. 
; Ooo TO E eee 
A | 
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FQ. 8.14 ma wave 
N plac 
The string will vibrate in two loops with a frequency fx = 2f,. If the The: 
bridge is placed in such a position that the string vibrates in three cont 
loops, then the frequency excited in the string“will be 3f,, and so dina 
on. ban 
All the laws of transverse vibratién of string can be verified | = 
using sonometer. If L is the length’of viberating segment of the ai 
String. T is the tension and p !s the mass per unit length of the spri 
wire, then the frequency produced‘in the string is given by ofw 


a fer 

y aT e o/I 

ee ay OV 8.23 com 
d Where n = 1, 2,53, ... i.e. the frequencies are integral multiple 

4 1 

of the fundamental frequency. The ð = al represents tne speed 
of the N string. 
“The aba equation shows that 
= (D) the frequency produced in the string for a given tension is 
ver Proportional to its length i.e 


Jesa» 


he frequency of pa Of atrings of the same i 
ti dito the same tension varies inversely as the ¢ 
“oot of the mass per unit length, u, of the string Le. square 


| 
fee ye 
8.14 LONGITUDINAL WAVES 


A second type of waves, called longitudinal waves are the 
waves in which the particles of the disturbed medium undergo dis- 
placement in a direction parallel to the direction c Wave motion. 
These waves are produced in substances which are elastic and 
compressible like gases and Wire springs. Sound waves are longitu- 
dinal which result from the disturbance of-the medium. The distur- 
bance corresponds to a series of highàand low pressure regions 
that travel through air or through any other material medium with 
a certain velocity. A longitudinal.pulse can be easily produced in a 
spring. Fig.8.15 represents a spring whose turns are large and one 
of whose ends ts supported from a hook in the wall. If you compress 
a few turns of the spring)near Its left end, these move slightly and 
compress those just,ahead and these in turn squeez together the 
turns still furtherand thus a pulse. or compression wave, goes along 
the spring. i 


S v <me ami 
aN °F 
ag 


V ae. 


8.15 A longitudinal pulse along a stretched spring. The disturbance of the 


(the displacement of the colls) ts in the direction of the wave 
ing motion Raiha in the text, the region C 
reglon, R, 
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Next let the left end of the spring by given a-quick pull so that | - Ultr 
turns nearly are drawn apart for an instant. Then the adjacent tin | the : 
will be pulled apart, one after another, untill this disturbance re: indu 
the right end. Thus it is clear that any push or pull given to the Spi elect 
at one end is transmitted as a push or pull to the other end. Waves 

of this sort in which the particles of the transmitted medium moye 8.1 


back and forth in the direction of propagation of the waves are called 
compressional, longitudinal or pressure waves. 


Sound waves are the most important example of longituatnal 


waves. They can travel through any material medium fe. gases, prop 
solids and liquids with a speed which depends upon the properties of s 
of the medium. As sound waves travel through a medium, the par- and 

ticles of the medium vibrate along the direction of propagation of bulk 
the wave motion. This is in contrast to a trarisverse wave motion in re 


which the particles of the medium vibrate in a direction perpendic- 
ular to the direction of wave motion. The displacement that occurs 
as a result of sound waves involve-the longitudinal displacement of | The « 
the individual molecules from the equilibrium position. This re- the s 
sults in a series of high and-low pressure regions called compres- 
sions and rarefactions, réspectively. Graphically the longitudinal 


press 
wave is represented like transverse wave. 
There arecthree categories of longitudinal mechanical waves 
which cover different regions of frequency (i) Audible waves ltl) In- 
frasonic waves and (iii) Ultrasonic waves. is aly 
Audible waves are the sound waves that lie within the rang versa 
mech; 


of sensitivity of human ear, typically, 20 Hz to 20,000 Hz. They can 
be generated in a variety of ways such as by musical instruments. d 
human vocal chord and loud speakers: 


k Infrasonic waves, are the longitudinal waves with frequenci® 
_ below audible range that is below 20 Hz. Earth quake waves ote 
‘example of infrasonic waves. 


E Pan dible range that is above 20 KHz. They 
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ic waves are the longitudinal waves with finas $ 
above 


can be generated by ` 


inducing vibrations in a quartz crystal with an applied alternating 


electric fleld. 
8.15 SPEED OF SOUND WAVES 


Newton's Formula for the speed of sound waves: 


As we know, sound waves are compressional waves which 
propagate through a compressible medium such as air. The speed 
of such compressional waves depends upon the compressibility 
and the inertia of the medium. If the compressible medium has a 
bulk modulus denoted by B and density (inertial Property) denoted 
by p. the speed of sound In that medium is given by 


ô =//B/p j 8.24 


The expression given-by Eq. 8.24.15 known as Newton's formula for 
the speed of sound waves. 


Note that the bulk modulus, B, is the ratio of the change in 
Pressure, Ap, to the resulting fractional change in volume, -Av/v 


B= -4p (2) 8.25 


Here Av is the change in original volume V. The ratio (4p/Av) 
K always negative because Av decreases as Ap increases and vice 
versa. This shows that B is always positive. In fact the speed of all 
Mechanical waves can be expressed in a general form, 


9 = //elastic property /inertial property 
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e 8.1 Š 
speed of ent in various: media 


GASES 
Air (0%) 
Air (100°¢) 
Hydrogen (0°c) 
Oxygen (0°c) 
Helium (0°c) 
LIQUIDS at 25°c 
Water 

Methyl alcohol 
Sea water 
SOLIDS 
Aluminium 


Vuleanized rubber 


8.16 LAPLACE’S CORRECTICN 

The Newton's formula (Eq 8.24) was obtained on the assump- 
tion that the compressions and rare-factions take place at constant 
température. Tis kas Of process is called an isothermal process and 
Boyle's Law is yed throughout the change from the initial pres- 
sure ani voliime to the final pressure and volume. Under this 
condition the bulk modulus B ts equal to the pressure of gas. 


Xr 


: ‘However, in a sound wave, the wave motion ts so rapid and 
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- (A process in which heat does not flow into or out of the system) 
and not isothermally as was assumed by Newton. 
For such a case, the bulk modulus of the gas is y times the 
pressure of the gas where yis the ratio of molar specific heat of gas 
at constant pressure (Cp) to the molar specific heat at constant 


volume (Cv). The speed of sound 1s thus. 
ð = y YP/P t 8.26 
This is called Laplace's correction. 


If we use the ideal gas law PV = nRT then we'can rewrite Eq 
8.26 in the form 


o= Ve 
M 8.27 


Where M is the molecular mass of the gas in units of kg/ 
mole, n is number of moles R-is-universal gas constant and has 
value 8.314J/mol-K and T is temperature expressed on kelvin scale. 


Using Eq 8.27 we.can calculate the velocity of sound in air at 


ump- OC. We know air consists of approximately 80% of Nitrogen and 
stant 20% Oxygen. Themasses of Nitrogen and Oxygen molecules are 28 
sand a.m.u and 32<à.m.u respectively. Therefore the mean molecular 
pres- mass for air is: 

r this 


Mean molecular mass for air = 0.8 x 28 a.m.u + 0.2 x 32 
amu= 28.8 a.m.u 
i 


®) 
< Then M = 28.8 g/mole = 0.0288 kg/mole 


The velocity of sound at OC is K 


® = I/ 1.40 x (8.314J/mole - K) x (273K) /0.0288 kg mole 


% = 332 m/s at OC 
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any vihor temperature T, the speed of sound i 
by multiplying this result by T7273. For <a 


t of 10000 ft (3.05km), the temperature ts about 


- 
223 
ð = (332 m/s) x y 373" 300 m/s 


8.17 MUSICAL SOUND AND NOISE 


co): 
We perceive some sound as noise and some souns yh mall 

For example the slamming of a door or the rumbling '6f a truck is 

considered as a noise, whereas, the sound produced by a Piano or 

a guitar is regarded as musical. These two types©f Sound are repre- 
sented in form of graphical patterns as shown in Fig.8.16 (a) and 

(b). The Fig.8.16 (a) represents an irregular, non symmetric, ran- 

dom fluctuations producing disagreeable sensation hence called 
noise: The Fig 8.16(b) shows a regiilar, symmetric and periodic 
fluctuation, which produce a smooth pleasant sensation hence called 
music. The physical difference between these two types of sound is 
better understood by studying their spectra. The spectrum of noise 
and the spectrum of muisical sound are sketched in Fig. 18.16 (d 
and Fig. 18.16 (d) respectively the spectrum of noise contains 
frequency components which are not harmonically related Le. the 
frequency components are not integral multiple of the fundamental — 


Besides this the amplitude of each frequnecy components are mostly 
not symmetric. 


The spectrum of musical sound contains frequency COM- 
ponents which are harmonically related i.e. the frequency 
ponents are integral multiple of the fundamental. Besides this 
5 fluctuations in amplitude are symmetric. 
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(a) Frequency 


Amplitude» 


c 
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21 1 (d) 21 1 


Fig. 8.16 (a) , (b)- The wave pattern of 


a violin (c) Power spectrum of noise 
(d) power spectritm of musical signal. 


Characteristics of a musical sound 


Musical sounds or tones can be distinguished from one an- 
other by the following characteristics: 
© (i) Intensity loudness) 
Ss (u) Pitch or frequency 
(i) Quality 


Intensity of sound is measured in terms of the energy of the 
Wave, passing every second through a unit area perpendicu- 
lar to the direction of propagation of sound and is measured in 

m°, For example, if one talks as loudly as possible, the aver- 
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weak a voice as possible (without whispering), the power drops is q 


-7 

». 10° W/m’. The intensity levels of the sound at various frequénctes 
are shown in Fig 8.16, The figure also shows that threshold 

of pain and threshold of hearing. 


(i) Loudness 


It may be pointed out that the intensity of sound Is purely a 
physical quantity and it can be measured accurately. It does not 


depend upon the auditory sensation of the ear. On the other hand’ 


Loudness is the magnitude of auditory sensation produced.by the 
sound. It depends upon the intensity of sound and as wellias it de- 
pends upon the auditory sensation of the ear. A normal human ear 
is very sensitive detector of sound. It can record the“least intense 
sound qo"? W/m?) which is one billionth of thée:maximum sound 
intensity that can be heard without pain. Theloudness of a sound 
does not increase directly as the power delivered to the ear increas- 
es but seems to vary roughly as théJogarithm of the power. It 
means the loudness, L, is proportional-to the logarithm of intensity 
I i.e. L œ log I. This is called Weber Fechner law. If I and J, repre- 
sent the intensities of two sound Waves, the difference in loudness, 
known as intensity level is defined by the equation 


intensity level = Plog F- 8.28{a) 


where I, is equal to 10? wm? corresponding roughly to the 
fainstest sound that can be heard. This is regarded as arbitrary 
reference level» if I is taken ten times of {, (I = 10 I), then the inten- 
sity level ss equal to one unit, This unit of intensity level is called a 
bel (B). ™` 

A bel is a rather large unit, so we usually refer to sound in- 
tensity levels in terms of the decibel (dB): 1dB = 75 B. thus 


Bx l0log + aaah 


When t =1,f=0dB 


ter de! 
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‘ The loudness of a sound ts roughly co 


Trelated with the inten- 

sity level of the note. For a long time it was accepted that the Pai 
Jaton was perfect. But there 1s now no doubt that decibel scale of 
intensity level no more correlates with the Subjective sensation of 
loudness. A power law between loudness and intensity level of the 

ya note has been proposed, 

a: (+ 

nd eet Ty, 

he ‘Where K is an arbitrary constant which can be evaluated af- 

le~ ter defining the unit of loudness ‘sone’. The sone is defined'as 

ar 

Se 1 sone = 40 dB at 1000 H, 

a Jp = 10‘ when B = 40 dB, therefore K = i/16. 

| Bile .03 

S- ^ L= —(-— 

i L 16 (z? 8.28({c) 

ty The sone scale of loudness has beèn recognised internation- 

x ally, and being practised. 

S, (ii) Pitch 


It is defined as the sensation that sound produces tn the ear 
a) of a listener and is clearly related to the frequency of sound. Fre- 
quency and pitch are-both measured in Hertz (Hz). Thus greater 


e the frequency the greater the pitch and lower the frequency lower 

y the pitch. The pitch of sound produced by various physical instru- 

a ments usually depends upon the natural resonant frequency of the 

a instrument; This is our common experience that sound of a sparrow 
is shrill because of its high pitch since it has a high frequency. 

$ Whereas the sound of a lamb is grave due to its low pitch depend- 
ing upon its low frequency. 

) (i) Quality 


oa, a uality or timbre is a characteristic of a musical sound. It is 

$ ality which enables us to distinguish between notes of the same 
ga and intensity when played on different instruments or sung 
Aifferent voices, Even instruments of the same kind may yield 
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Notes of different quality. For exampl. j 
pea ple, it is the quality of the tones comi 
produced olins which makes great difference in value besii the £ 
tween the instruments, We recognise the voice of a friend over the 
telephone by quality. 
fund 
Helmholtz was the first to discover the cause of difference in In Fi 
musical tones which is called quality. toget 
The difference in the sound produced by two notes of the 8.18 
same pitch and intensity is due to the difference in their resultant 
waveforms. The resultant wave form of any sound is obtained by 
wave: 
the n 
the a 
apply 
direct 
| and t 
tude, 
functi 
| 
J 
I 
| J 
| \ 
| 
s 
L 
y 


Fig. 8.17 The combination or superposition of two waves. (a) the fundamental 
and (b) the third harmonic. 
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"alae gt ‘ combining opda of fundamental and the-harmontes of 
Over thy the given sound. 
The resultant waveforms are formed due to combination of 


lereng i fundamental and harmonics as shown in Fig.8.17 (a) and, 8.17(), 
t In Fig: 8.17 (c) , the fundamental and third harmonic are combined 
together to give a resultant wave form. 


S of : 
esulta 8.18 SUPERPOSITION OF SOUND WAVES ; 
neq by According to principle of superposition when two ‘or more 


waves in the same (linear) medium travel the net displacement of 
the medium caused by the resultant wave at any point is equal to 
the algebraic sum of the displacements of all the waves. We shall 
apply this principle to two harmonic waves travelling in the same 
direction in a medium. The two waves are travelling to the right 
and have the same frequency, same wavelength and same ampli- 
tude, but they differ in phase, we can exptess their individual wave 


function displacements as 
Yı, = A sin {kx - wt) andy; =A, sin (kx- ot- >) 
Hence the resultant wave. function displacement is given by 
yY =Y, + Y, = Agfsin (kx - wt) + sin (kx - wt - >)] 
We make use of following trigonometric identity to simplify it 


sin æ + sin B = 2 Cos (= 2) Sin (=>) 


Lete kx-ot and B= kx-ot-ġ, we get 


A a (2A, cos) siń (kx - wt- È) 8.29 


There are several Important features of this result. It can be 
AN that the resultant wave function y-is also harmonic and 
Same frequency and wavelength as the individual waves. 
amplitude of the resultant wave is 2A, cos = and its phase is 

P $ + If the phase constant ¢ ts zero, then cos 7 is unity 


of the resultant wave Is 2A, . 
Je of the resultant wave Is twice as large 


the waves are said to Interfere constructively that Is the 
i one fall on the crests of the other and similar is the 
p- troughs as shown by the dotted lines In Fig.8.18 (a). 


Pig. 8.18 (a), (b) $ 
In constructive interference takes place where 


¢ other hand if } = x radians (or any odd multiple of 
‘ = cos 5 = O and the resultant wave has zero mplitude 
In case, the two waves are sald to interfere 

ely Le. the crests of one wave coincide with the troughs i 
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posite direction. We now consider another 
fect which results from the superpositio; 
slightly different frequencies and travellin 
Under this condition when two waves are observed at a given point 
they are periodically in and out of phase, i.e. there is an alterna. 
tion in time between constructive and destructive interference, 
Thus, we refer to this phenomenon.as interference in time. For ex- 
ample if two tuning forks of slightly different frequencies are struck 
on rubber pad, one hears a sound of changing intensity, called 
beats. Hence we can define beats as the periodic variation in inten- 
sity at a given point due to superposition of two wave having slight- 
ly different frequencies. The number of beats that one, hears per 
second(or beats) is equal to the difference in frequency between two 
sources. The maximum beat frequency that the human ear can de- 
tect is about 7 beats per second. When the beat frequency (number 
of beats produced per second) is greater than seven, we can not 
hear them clearly. One can use this effect to tune instrument such 
as plano, by beating a note against a reference tone of known fre- 
\ quency. The string can then be adjusted to equal the frequency of 
the reference by tightening or lossening it until no beats are heard. 


type of interference ef- 
n of two waves having 
£ in the same direction, 


Now consider two waves with equal amplitude travelling 
through a medium in the’same direction having slightly different 
frequencies f, and f, We can represent the displacement that each 
F wave would produeceat a point as: 


y, =A, 00s 2x f,t and Y2 =A, cos 2 f,t 


Y=, Fy, =A, (cos 2x ft + cos 27 f,t) 


= 2A, cos 2nt (f,-f,) cos 2nt (f, + f,) 
ae HT 


8.30 


4 Here y, and y, are the instantaneous displacements caused 
by the individual wave as shown in Fig.8.19 (a)‘and y is the resul- 


tant displacement caused by the two waves together as shown in 
Fig. 8.19 (b) æ 


The resultant displacement has an effective frequency equal 


t0 the average frequency, (f, + f,)/2, and an amplitude given by 
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Fig. 8.19 Two waves with slightly different frequencies combine to produce 


; fi- f 

A = 2A, cos 2x (— ~) t 8.31 
That is, the amplitude varies in time with frequency given by 

( f,- £)\/2. When f, Isclosed to f}. the amplitude variation Is shown 

as illustrated by the envelope (broken line) of the resultant wave 

form, Fig.8.19 b) 


Note that a beat. fona maximum in amplitude, will be detect- 
ed whenever 


firi 
2 


cos 27 ( )t=14 


That is, there will .bé.two maxima in each cycle. Since the 
amplitude varies with the frequency as ( f,- f,) /2, the number of 
beats per second, or the beat frequency f,» is twice this value. That 


f, = ff 8.32 


For example if two tuning forks vibrate individually at fre- 
quencies of 439H, and 443 Hz, the resultant sound wave of combi- 
nation would have a frequency of 441Hz and a beat frequency of 4Hz- 
(The listener would’ hear the 441 Hz sound wave go through an 

“intensity maximum four times every second.) ` 


8.20 ACOUSTICS 
i The study of production and properties of sound is called 
‘gs 264 
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so! 


(2) 


(3) 


(4) 


(5) 
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-The term is also used to describe the 
d is reproduced in practical Situations. 


In general by acoustics we Mean its seco 


is related with reproduced sound so we Iimit ur discussion to this 
statement. The reproduced sound may be indistinct and confusing, 
it may also be clear and distinct. The quality of reproduced sound 
depends on several factors which we will enlist later on. 


way in which 


nd statement which 


To give a clear concept of acoustics let us Suppose that 
sound waves are produced in a big hall. These sound waves 
spread out, scatter and strike the surfaces of the walls, the floor 


| acoustics. 
] Conditions for £00d acoustics 


(1) The loudness of each separate syllable should be sufficiently 
large. 


The decay period of each syllable should be small so that the 
Succeeding syllable can be heard clearly. 


Echoés Should be Just sufficient to maintain the continuity 
of sound. 


The hall should have some open windows. Sound absorbing 
Soft porous m terials like cloth, cork, asbestos etc or heavy 
curtains should be Placed in the hall at various places so as 
to avoid much reflection, - 


For good acoustics of a hall reverberation should not be too small 


otherwise that will be away instantancously and will give a dead 
effect to the hall, 
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= 8.21 DOPPLER EFFECT y 


When a source of sound or a listener, or both are in moti 
relative to the medium (air), the frequency and hence the pitch of 
the sound, as heard by the listener, is in general not the same as 
when listener and source are at rest. This Phenomenon is referred 
to as the Doppler Effect. A common example is a train while whis- 
tling passes near you, A considerable change in the pitch of the 
sound is heard. When the train is approaching, the Pitch of the 
Sound increases whereas the pitch of the sound decreases when 
the train is moving away. A similar change in the pitch Also occurs 
when moving listener passes a stationary automobile hom or siren, 


Obviously, there are three general possibilities to discuss the 
Doppler effect, namely: 


I. When the listener is moving andthe source is at rest. 
Il. When the source is moving.and the listener is at rest. 
Ill. When both the source:and the listener are moving. 


Ia). Suppose fhe Jistener is moving toward a stationary 
Source as shown in Fig:8.20 with speed V, Suppose further that 
the source emits a wave with frequency v and wavelength A = 9/0. 
The Fig.8.20 shows’several wave crests separated by equal distanc- 
es 1A (1 wavelength). The waves approaching the moving listener 
have a speed of propagation relative to the listener 8 + 9 Thus the 
frequency Ù” heard by the listener is 


RDA v+ D, BERA 
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Therefore the listener moving toward 
vi @ source 
a larger frequency and hence higher pitch. eia a phe 
change in pitch in this case is ently, the 


anes 


8.34 
CCurg 
Siren, 
S the PL 
e- 
Fig. 8.20 
nary 
that I (b). Similarly, a listener moving away from the stationary 
3/0. source (8,<0) hears a lower pitch and the frequency detected by the 
anc- listener in this case is 
ener 
5 the > 9 
v = ( l- =) 
z 6 
v E PL 8.35 
= vV ( 2 Jv 


Consequently, the change in pitch in this case is 
, Ù, 
C 
3.33 Hence, the general relation holding when the source is at 
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` 
X 


| 
; rest with respect to the medium and observer is moving through it, | 
. is given by 


v =vt (5) = (7=4_)v 8.36 


Where the positive sign refers to the motion toward the 
Source and negative sign refers to the motion away from the 
source, 


Notice when the listener is at rest( 4, = 0), then no change'in © 
the frequency of sound is observed v= v 


TI (a). Now consider the case when the source is in motion and 
moving with a speed, 6,, toward a stationary listener as shown in 
Fig.8.21. The wave crests detected by the stationary listener are 
closer together because the source is moving:in the direction of the 
outgoing wave resulting in a shortening of wavelength. That fs, the 
wavelength 4° measured by the listener is shorter than the true 
wavelength A of the source (4° <A) 1f the speed of the source is 0, 
and its frequency is v, then during each vibration it travels a dis- 
tance = and consequently each wavelength is shortened. Thus the 
wavelength of the sound arriving at the listener at rest Is 


x A 


l 
xv mera t- yp z qy (2-3 


therefore, the frequency of the sound heard by the listner 
(at rest is increased and is given by 


z Ā — = — | 


X (8-0) 
| 
es 5 8.37 | 
-(—s% 
1-(-}) 
= = of 
The Eq. 8.37 indicates an increase in the frequency of the 
sound heard by stationary listener. 
w ~ 


962 


listner 
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Fig. 8.21 


Ib). On the other hand, if the source moves away from the sta- 
tionary listener, the wavelength of the sound arriving at the listen- 
er is greater than the true wavelength À (i.e 1° > 2) ) and the listen- 
er detects a decreased frequency which is given by 


- vô v 
= nb 8.38 
(d+ 0) ð 
14-2 
(3) 

The Eq.8-38 indicates a decrease in the frequency of the sound 
heard by the’stationary listener.Thus in general relation valid for the 
listener-at rest and for the source in motion with respect to the 
medium is given as 


° DA 
v = aa)” = Ga) 8.39 


where the minus sign refers to the motion of the source to- 
ward the Stationary observer and plus sign indicates the motion 
of the source away from the stationary observer. . 


Notice that when the source is at rest (vs = 0). then no change 


the frequency of sound is observed (Lev =v) 
EO setae aaa are S 
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a). If the source and the observer are approaching a), 
‘Joining the two in the direction toward the each other, then 
frequency heard by moving listener is 


- (S42) 


8.40 


fa I(b). On the other hand, if source and the observer are moy. 
ing away from each other along the line joining the two, then the 


i i frequency heard by moving listener is A 


- (4 se 8.4 


Finally, the Eq.8.40 and Eq.8.41 are expressed together as 


ot 


va es)” 8.42 


Notice that Eq.8.42 reduces to Eq.8.36:when 0, = O ( i.e. when the 
source is at rest) and when 6, = O reduces to Eq.8.39. Thus the va- 
lidity of the Eq.8.42 is checked, 


Notice when both the listener and sourceare at rest (0, = 0, 
D, = ©), then no changin the frequency of sound is observed 
(v= v). 


| Fig.8.20 shows what happens when the speed of source (0) 
through the medium is less than the speed of the sound wave (ô) 
in that medium t.e. 0, < ®Now we would like to examine what hap- 

$ pens the speed of the source 8, is comparable in magnitude 

| to ð (6, = 0)? In this case the source keeps pace with the outgoing 
spherical waves in the direction of medium since 8, = 0. These 
waves can never move ahead of the source and they continue to 

È pile up. As the process continues (i.e, wave are formed) the pile re- 

_ Bon extends farther and farther from the source in the direction 
nd ar to its mot happens because the linear rela- 
ie cce and displacement 


ey 


Ag, 8.22 


pil now) does not remain true. The speed of the wave propagation ` 
; tics of the medium) is no longer the normal phase ve- 
rocity Components of the motion perpendicular to the line Joining 
and observer also contributes to the Doppler effect at these 
speeds. Consequently, a wavefront that is a sheet or plane is 
formed as shown in Fig. 8.22. 


Direction of 

Propagation 

of wave front 
oe 


8.4) 
er as 
8.42 
1en the 
the va- 
z0, Fg. 8.22 When the sourcémoves with a speed exactly equal to the wave speed, 
o A the waves pile up and form a plance that extends perpendicular to the 
served direction of motion of the source. 
Next we would like to see what happens when ð, exceeds the 
(0,) wave speed ‘i.e. v, > 0 Obviously, in this case, the source runs 
ae (6) ahead ofthe outgoing waves and in such a case the pile up of the 
hap’ waves Produces wavefront which takes the shape of a cone with 
a 


the moving object at its apex as shown in Fig 8.23. 


The situation is best explained by considering the source at 

S, (Fig.8.23) at time t = 0, and some later time t, the spherical 

Wavefront. centered at S, travels a distance ðt (the radius of the 

t). Whereas the source reaches at Sp after travelling a dis- 

. tance Öst. At that instant the source is at S, and the waves ae 

Pedal be generated at this point have, wavefronts of oe) ne 
F line joining S, and the wavefrom centerd on S, is 
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Conical 
shockfront 


(si) 


Fig.8.23 Representation of a shock wave produced when a source moves 
from So to Sn with a speed v, that is greater than the wave speed, v, in that 
medium. The envelope of the wavefronts forms a cone whose half-angle iş 
given by sin@ =9/ V,- 
to all other intermediates wavefronts. AN such tangent lines lie on 
a surface of a cone. hence a cone-shaped wavefront Is formed. The 
angle @ between the direction of travel and any tangent line is given 
ed oi 
t 0 ii 
sing = om k gr (iii) 
In aerodynamics the ratio 0/0, ìs referred to as the Mach 
number, k 
Along the\cone-shaped wavefront that is produced by a su 
Personic object, the air is highly compressed. This moving sheet ol 
high pressure air is called a shock wave. Some examples are the 
bow wave from a speed boat on the water when the boat's speed 
exceeds the speed of water waves. Jet aircraft (F-16) travelling ata 
Supersonic speed (ðs > ò) produces a shock wave which results 
loud explosion or sonic boom. These shock waves produced by S% 
Personic jet can damage building when flying at low altitudes » 
_ Supersonic jets for example F-16, Mirage Fighter, Concorde 3 
er, a double boom is produced because two shock waves 3% 
formed [within time interval of 0.02s) one from the front and om 
___ from the rear of the aircraft. sell 
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S OF THE DOPPLER EFFECT 


The Doppler effect provides a method for trackin fia datellite. 
suppose the satellite is emitting a radio signal (i.e an electro- 

magnetic wave) of constant frequency fs. The frequency f, of 
the signal received on the earth decreases as the satellite is 
passing. The received signal is combined with a constant sig- 
nal generated in the receiver to produce beat. The beat fre- 
quency produces an audible note whose pitch changes as 
the satellite passes overhead. 


The Doppler effect is used in measuring the speed of auto- 
mobile by traffic police. A “radar gun” is fixed\on police car. 
An electromagnetic signal is emitted by the radar gun in the 
direction of the automobile whose speed.is to be checked. 
The wave is reflected from the moying automobile and re- 
ceived back. The reflected wave is then mixed with the locally 
` generated original signal and beats are produced. The fre- 
quency shift is measured using beats and hence the speed of 
the automobile is determined. 


Radars (Radio detection and ranging) are commonly used for 
civil and military purposes at civilian airports and military 
air-bases respectively, to detect the presence of any aircraft 
(foe or friend) inthe airspace by evaluating the range. The 
Doppler Radar based on the principle of the Doppler Ef- 


fect, is extensively used in the detection of aircraft speed and 
direction. 


VOR (Very high frequency omni Range) is a guiding system 
usually installed at the airports to guide the incoming air- 


- crafts toward the location of the airport. Nowadays big and 


modem airports for example Quaid-e-Azam International Air- 
port, Islamabad Airport, are equipped with Doppler VOR 
whose principle is once again based on the Doppler effect 
and provides air effective and better guiding system to the 


aa 
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(v) 


(vi) 


(vii) 


aircraft. The electromagnetic signal used here has frequ i 
in the VHF range (30MHz - 300MHz). Rg 


X-rays have been a major diagnostic tool of medicine, but Py 
cent years have seen the emergence of an altemate 
which is inherently safer than x-rays: ultra sound. Unlike = 
rays, ultra sound radiations have not been reported to dam. 
age living cells so far. Measurements of internal reflections 
of ultra sound have facilitated the diagnosis of breast cancer 
and taking the heartbeats of fetuses and newborns. 


An ultrasonic instrument called Homosonde uses the dop- 
pler effect of ultrasonic waves reflected from moving masses 
in the patient. The device is very sensitive for. detecting blood 
flow and measures faint heartbeats in a very nolsy environ- 
ment where the use of stethoscope may-not be reliable. 


In similar manner, we can deteét the motion of an objects 
under-water (for example a submarine) by employing sonar 
(ultrasonic waves) based on efféctive use of Doppler effect. 


The Doppler effect for light is important in astronomy. Spec- 
tral analysis of light.emitted by the elements in distant stars 
shows shift in the wavelength compared to light from the 
same element.on earth. These shifts can be interpreted as 
Doppler shifts due to the motion of the stars. The shift is 
nearly always toward the longer wavelength. or red end of 
the Spectrum, and is therefore called the red shift. Such ob- 
servations have provided practically all the evidence for "ex" 
panding universe” cosmological theories, which represents 
the universe as having evolved from a great explosion seve 
Dillion years ago in a relatively small region of space. - 


Exe 


plac 
cm | 
Fine 
the | 


(i) 


(ii) 


The 


Exc 


0.04 
Spri 
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Example 8.1 N 


A block with a mass of 0.1 Kg is attach 
placed on a horizontal frictionless table. The 
cm when a force of 5N is applied. (1) Calcuta 
Find the characteristic frequency ang period ; ; 
the mass Is set in motion. s$ 


Pring constant {ii) 
Scillation when 


(i) The applied force and displacement are related by 
F = kx, therefore 


a Es he 
x 0.2m = Nm 


(i) The characteristic frequency is 


1 y k 1 ihe i‘ 
ee ——— 1 / =S piai 
fe 2x m ~ 2x oike = 7 284 Me 


The period of osillation is T = 4 


r effect, 
oo. — 0.397. 
omy, Spee 25214) a aie 
stars 
tant Example 8.2 


A body of mass 2kg attached to a spring is displaced through 
0.04 m<fròm its equilibrium position and then released. If the 
spring constant is 200 Nm`', (i) find the period and frequency of vi- 
T = 2n}/ ee) a 
k 200N m 


` 


f 
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(ii) Calculate the maximum velocity attained by i: 
: the vil 
body: “a 


The maximum velocity occurs at the e 
when x=0, for any x, 


% = to (2 - x)¥2 
Sowhen x=0, 


quilibrium Position Le, 
$ 


% = max =t ax, ESN 

= (105° (0.04) = +0.4 ms” 

(ii) Compute the maximum acceleration 
Weknow a, = -a*x 


the maximum acceleration occurs at the end of the path, i.e. 
when x = -t xo, therefore 


amar = + OX, = t (10S')? (0.04) = + 4.0 m.s? 


) Example 8.3 


A body of mass 0.025 kg attached to-a spring is displaced 
through 0.1m A the right of equilibrium position. If the spring con- 
stant A 0.4 Nm” and its velocity at the end of this displacement be 
0.4 ms”, calculate (i) The total energy (ii) the amplitude of its motion 
(i.e. maximum displacement) 


(i) Total-energy: 


The total energy at any instant during the motion is equal to 
the sum of potential and kinetic energy at that instant 


z 1 2 1 2 
Ee kx + -z md 


L- oan) (0.1m? + 1 (o.ams? 
= 3 0.4(Nm ) (0.1m) +3 (0.025 kg) (0. 


=4x10°U 
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(ii) Amplitude: - $ 


Potential en 
maximum potential energy occurs at the end of where Rear 
energy is zero (the body is momentarily at whats: = 


E=K.E+P.E 


E=0+(P Ena -y kx? 


1 
OS =4x10°9 


2x4x 10° 
x = M ZXAxIO eae 
0.4 Nm’ 


Path, te, x,=0.1414m 
Example 8,4 


A simple pendulum completes one oscillation in 2 s. Calcu- 
late its length when g = 9.8ms? the time period of simple pendulum 


is given by 
displaced T =22 V £ 
pring con- g 

the : 3 
semen l= T xg= 4x9.8 ms = 0.992m 
jts movon are 4x (3.141) 
t= 0.992m 
Example 8.5 


A string 2 m long and of mass 0.004 kg is stretched horizon- 
tally by passing-one end over a pulley and attaching a 1 kg pre oe: 
it. Find the speed of the transverse waves on the string and p 
quency of the second and the fourth harmonics to which 


String will resonate. 


where T = Mg (Tension in the string) 


g = the acceleration due to gravity = 9.8 m 3” 
Substituting the various values, we get 


1x 9.8 
Da V ee 

0.004/2 
ð= 70ms" 


For resonance frequencies we know that 


6 
ce Ot 


For second harmonie (v2)..n,= 2 


ns, 2x70 ask 
oe =. E ertz 
2x2 


For fourth harmonic (v4),.n = 4 
4x70 
we WY. — 70 
4 axa = 70 hertz 
Example 8.6 


{ n A certain string resonates to several frequencies, the lowest of | 
i ey 1s 50 hertz. What are the next four higher frequencies o which E 


— Va = n z4- where n = 1,2, 3,...... 
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M = the Total mass suspended from the string = | kg 


RS 


all litho higher frequencies are integral multip 


cy which corresponds to n=1. 


v =3x50= 150 


BEET ELN = 4 x 50 = 200 


4 =5x 0 = 5x 50 = 250 
Example 8.7 


i : The speed of a wave on a particular s is 24 m/s.lf the 
| = stringis 6 m long, to what frequencies will nate? Draw a pic- 
ture of the string for each resonant frequeney. 


As ìn =2l/n wheren=1, 2454.5 


EE EE 


wehave i, = 2x6 = 12m <~ 


D 


1 SX S. am 


= 5 : 
oe Aye ES am 


ERV the frequency Va Is given by 


At/2-4-2m 


Again 0=vDxA 
~ =20x2 
ð= 40 m/s 


We can obtain the same result from the equation 


8 
=n 


D 
v = 2x4x20 = 40 m/s 
© 


Ds Thus speed of the wave in the spring = 40 m/s. 
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Young's modul 2 
where Y = You mus and for steel Y = 20 x 10 Nast 
density of steel = p = 7.8x 10 kgm? 
therfore 


/ 20x 10" (Nm) 5 
o: 7.8 x 10° (kgm) =5.06x 10 ms* 


The speed of sound in air is given by 


rB 
=} -p 


where B = Bulk modulus and for air 


B=1.01x 10° Nm? and density of air p. 


p =1.29kg m° Y=1.41 
therfore 


n ] / 1.01 x 105 (Nm?) x 1.41 ie 
d= fan 490 (kom) Cy (kgm) = 3.2x 10° ms 


Example 8.10 

Compute the wavelength of the wave transmitted by a radio 
station that broadcasts on an assigned frequency of 1000 KHz. 

All electromagnetic, including light, radio waves, television, 
etc travel with a’speed of 3 x10" ms" which is expressed in terms of 
wavelength and frequency by 0 = vA 


therefore 
ped, 3x10%mst _ 3x10?ms! _ 300m 
v 1000 kHz 10° Hz 
4 = 300m 
Example 8.11 


ambulance. (a) 
A note of frequency 500 Hz is emitted from an _ what 18 


`- Ifthe ambulance moves toward you at a SP pater: z 4 
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vereque Hdetecte (by Amer une ;arn 
~ from you its speed is 60 km/h, what frequency will you detect? 
speed of sound is 340 ms". } 


The speed of ambulance = 60 km/h = 16.7 m/s 


(a) The frequency heard by the stationary listener Is given by i 
Eq. 8.37 


ðv 
0-0, 


v= 


where 0, =16.7 ms", v = 500Hz and the velocity of’soung 
ð =340 ms" 


therefore 
-t 
ò= — ss) 500H7 = 525.8 Hz 
340 ms - 16.7 ms 


b) When the ambulance is moving away, the frequency 
heard by you is 


Z OV 3 340 m/s 
v= 90,  \"340m/s+ 16.7 m/s Jsou 
= 476.6 Hz 
Problems 


l. An object is connected to one end of a horizontal spring 
whose other end is fixed. The object is pulled to the right (in 
the positive x-direction) by an extemally applied force of 
magnitude 20N causing the spring to stretch through aag 
splacement of 1 cm (a) Determine the value of force constant sh 

. the mass of the object is 4kg(b)Determine the period ot- 
oscillation when the applied force is suddenly removed. 
g Ans (a) 2x10 N/m. 
(b) 0.28108S$ 


A body hanging from a spring is set into motion and the p% 


FUKO 


bh 


cn 


requency 


what is the length of pipe? (Use 9 = 340 nvs/ 
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od of oscillation is found to be 0.5) A 
50 S. 

come to rest, it is removed. How much sh vis the body has 

be when it comes to rest? will the spring 


(Ans. 6.21 cm) 
A pipe has a length of 2.46m.(a) De 
of the fundamental mode and the 
pipe is open at both ends. Take » = 344 m/s as the Speed of 
sound in air. (b) What are the frequencies determined in (a) if 
the pipe is closed at one end? (c) For the case of open pipe. 
how many harmonics are present in the normal-human i 
ing hearing range (20 to 20000 Hz)? 

Ans. (a) 70 Hz,-140 Hz, 210 Hz 


(b) 35 Hz, 105 Hz, 175 Hz 
(c) 285 harmonics. 


termine the frequencies 
first two overtones if the 


A standing wave is established in a-120 cm long string fixed 
at both ends. The string vibrates'in four segments when driv- 
en at 120 Hz (a) Determine-the wavelength (b) What is the - 
fundamental frequency? 
Ans. (a) 0.60 m 
(b) 30Hz 


Calculate the speed of sound in air at atmospheric pressure 
p = 1.01x10°.N/nt, taking y= 1.40 and p = 1.2 kg/m’. 
è - Ans. 343 m/s 


A sound wave propagating in air has a frequency of 4000Hz. 
Calculate the precent change in wave length when the wave 
front. initially in a region where T = 27°C, enters a region 


.\where the air temperature decreases to 10°C. 


Ans. 2.87% 


The frequency of the second harmonic of an open pipe (open 
at both ends) is equal to the frequency of the second ee 
monic of a closed pipe (open at one end). (a) Find the ratio 
the length of the closed pipe to the length of the opn 
(b) If the fundamental frequency of the open pipe is 
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‘Ans. (a) 3/4 
b) L open = 0.664m 
L closed = 9.498m 
A 256 Hz tuning fork produces four beats 


Sounded with another fork of unknown fre 
quency. 
two possible values for the unknown frequenéy? © What are 


Ans. 252Hz, 260Hz. 


An ambulance travels down a highway at a speedvof 75 mih. 
Its siren emits sound at a frequency of 400Hz, What is the 
frequency heard by a person in a car travelling at 55 mih in 
the opposite direction as the car approachés the ambulance 
and as the car moves away from the ambulance. 


Ans. 477Hz, 337Hz. 
A car has siren sounding a 2 kHz tone. What frequency will 
be detected as stationary observer as the car approaches him 
at 80 km/h? Speed of sound = 1200 km/h. 


Ans. 2143 Hz 


Per second when | 
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Chapter: 9 


Nature of Light 


9.1 DUAL NATURE OF LIGHT . 


The properties and the nature of light was Studied by many 
ey 55 mye scientists until about the middle of the Seventeenth ¢entury. It was 
i e Mh h generally believed that light consists of a stream of tiny particles or 

ĉe corpuscles. The theory seemed to fit the facts-of reflection, trans- 


7H mission and absorption of light. Newton 4n Particular. Supported 

» 3374, the corpuscular theory of light. The theory suggests that light 
Que beam was attracted by the molecules-of a denser medium which 
roaches ne increased their velocity i.e higher velocity in denser medium than 


1S. 2143 Hy In 1676, Christien Huygen (1629-1695), showed that a wave 

| theory of light could explain the laws of reflection, refraction and 
| the phenomena of double refraction, Two considerations discou- 
| raged Newton and others from accepting Huygen's wave theory. 
Firstly sound and water waves could bend round obstacles where- 
as light appeared not to do so, since it Produced sharp shadows. 
Secondly, Sound and water waves require a medium for their prop- 
agation:’ How, therefore, could a wave travel through vacuum as 


Propagation without medium was unacceptable. One important dif- 
ference between the theories was that the corpuscular theory of _ 
light predicated that light would travel faster in a material medium 
than air, Whereas the wave theory predicts a slower velocity in a 
Material medium, The velocity of light could not at that time be 
measured in material, and the decision between the tw. theories 
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pa ae first clear demonstration that light is a wave phi 
was made by the English physicist. Thomas Young 77s 
early in the 19th century. He demonstrated that under ce 1829, 
propriate conditions, light exhibits an interference behav tain ap, 
Had Newton been alive at the time, he would have appr 

ed the significance of Young's experiment. Unfortunately, yy, 
name had become associated with the corpuscular theo, 
mirers of Newton blindly supported the corpuscular th 
nored the newly proposed theory of light. The wave th 


widely accepted in 1880. The first measurements of 


Ty, and ad. 
Cory and ig- 
Cory becaria, 
the velocityor | 
light in the medium confirmed that the velocity of Ughts less 
than in a material medium than in alr. Additional 


developments,such as interference and diffraction of light led to | 
the general acceptance of the wave nature of light, 


In secondary classes, the electrostatic-field of a distribution 
of charges at rest and the magnetic field of a steady current in con- 
ductor have been studied. These fields’may vary from point to 
point in space, but do not changé with time at any individual 
point. For this situation these fields are regarded independent. 


In case, the electric field.and the magnetic field do vary with 
time, then it is not possible*to treat the fields independently. Ac- 
cording to Faraday's law~changing magnetic field with respect to 
time acts as a source Of electric field, similarly a changing electric 
field with respect'to time acts as a source of magnetic field. There- 
fore, when magnetic field is changing with time, an oscillating elec- 
tric field is induced in adjacent region of space and when an elec- 
tric feld is changing with time, an oscillating magnetic field is 
induced. 


Consequently, an electromagnetic disturbance consisting ofa 
time varying magnetic field and electric field can be conceived as 
electromagnetic waves which can propagate through space from 
one point to another. These paired fields are called collectively the 
electromagnetic field. 


_ _ i ŘS 
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Direction of travel 
a 


B 
Magnet field 


In1873,James Clark Maxwell showéd that these electtromag- 
netic waves can propagate through vacuiim. He obtained a theoret- 
ical expression for the Ppropagation™speed of the electromagnetic 
waves. The theoretical value of the speed of electromagnetic waves 
was found to be equal to the Speed of light measured expermentally 
(c= 2.998 x 108 ms” lj, 


Thus Maxwell concluded ‘that light waves are electromagnetic 
waves. (This can also be expressed by stating that light propagates 
as an electromagnetic wave). These light waves consist of an oscil- 
lating electrié-fleld E and an oscillating magnetic field B. Both 
fields are Perpendicular to each other. The mutually perpendicular 
Magnetic and electric fields in the light wave oscillate in unison 
that is, same frequency and identical phase. Both E and B are per- 
Pendicular to the direction of propagation of the light waves which 
IS along the x-axis as shown in Fig 9.1. The strength of the electric 
field at the same location and time is equal to the strength of mag- 
netic fleld, multiplied by the speed of the light. 


Finally, visible light is defined as radiation which can a 
the human eye. For the particularly important case of visible light. 
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Lie ai the wa © length À ranges from 7.6 x.10°m (longest visit) s 
4.0 x 107 m (shortest visible blue) and the corresponding a om 
v ranges from 3.9 x 10'*Hz (longest visible red) to 7.5 ae - 
(shortest visible blue) Be 


Fig 9.2 shows the sketch of electromagnetic spectrum, Th | 
; electromagnetic spectrum has no definite upper or lower limit r 
Fig 9.2 also displays the name given to the electromagnetic wal 

s 


in various region of the spectrum and it indicates the wavelength 
s 


Frequency cycles/sec 
10° 10' 10° 10° 10° 10 10 10'° 101% 10% loz 
Power _Microwaves _ Visible ____ Xray 
“2 Radio -Infrared ~~ Ultraviolet. “Gamma rays ` 


z055 10% 107 1 10? 10* 10° Yee 10° Torao a 
wavelength metres 


Fig. 9.2 The electromagnetic spectrum. Note that the wavelength and frequency 
scales are logarithmic. | 


and frequencies characterizing`each. Taken together they consti- 
tute electromagnetic radiation. 


The wave Theory.of light, however, failed to explain the major 
features of photoelectric effect in which the-eJection of electrons 
from a metal surface takes place when Its surface ts exposed to 
light. The experiment showed that. 


(i) the Kinetic energy of the ejected photo electrons is inde- 
pendent. of the light intensity while the wave theory suggests that 
Kinetic energy of the photo electrons depends upon the intensity of 
the light beam. 2 


(ti) For each surface, theré exists a cut off frequency: For fre- 
quencies less than the cut off frequency, there is no photoelectric 
effect, whereas according to the wave theory of light, the photoelec- 
tric effect should occur for any frequency of the light provided that. 
light intensity is enough. isojos f 
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(4) No detectable time lag has ever 
the impinging of the light on the surface thon Observed between 
to 


ection of the 
electrons, whereas according to wave Photo 
| pe a measurable time lag, theory of light there should 
t. The 
; In 1905, Albert Einstein successfully 
explain: 

Waveg electric effect by making a remarkable asinine Pi oo 
"Bthe meets the three objections raised against the interpretation of d the 


- planck’s hypotheses of quantized energy ex 
that all electromagnetic radiation was in th 
diles of electromagnetic energy, called Photons. Each photon has 

ii total energy. 
low E=hv 


Where h is Planck's constant (h = 6.626 x 10% J-s) and v is 
as frequency of the electromagnetic radiation. He further proposed 
that when a photon interacts with matter, it behaves as a praticle 
and delivers its entire energy to the individual electron in the ab- 
insti- sorbing surface. In 1921, he received the Nobel Prize in physics for 
his theory of photoelectric effect. 


najor In 1921. photon<nature of light was confirmed by AH. 
Compton, which is called compton effect. He was successful in 
evaluating the motion of a single electron and a x -ray photon be- 
fore and after-ċollision between them and concluded that they be- 
haved Itke material bodies and possess momentum and kinetic en- 
nde- r ergy, 


Millikan who experimentally verified the Einstein theory of 
ty of Photoelectric effect was also awarded the Nobel prize in 1923. 

These are several experiments which demonstrate without any am- 
g fre" biguity that light is compostd of photons. The most straight es 
cist? Ward photon correlation experiment was reported by Cluster 
lec” 1974, 


Thus the photoelectric effect and compton effect supf 


a the corpuscular theory of the light. 
penn EE 
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that light radiation have Particle- like Pro 
hand in the phenomena of light propagation (to 
the radiation is) it is observed that radiation have 


tes. On the other per- 


- investigate where 


wave-like properties. Thus discussion about the nature. of light 


shows that light possesses dual nature i.e, wave-like and particle- 
like properties. 


9.2 WAVE FRONTS, HUYGEN'S PRINCIPLE 


In section 9.1, it has been shown that light waves are elec- 
tromagnetic waves. These light waves consist of mutually perpen- 
dicular oscillating electric and magnetic fields. Both electric and 
magnetic fields are perpendicular>to the direction of propagation, 
therefore, light waves are transverse waves. Waves can be classi- 
fied as, one dimensional, two dimensional and three dimensional 
waves depending upon thé number of dimensions in which they 
propagate energy. 


f 
| 
i 


Light waves which emanate radially from a small source are 
three dimensional. Consider a ‘single wave', we can draw a surface 
through all points undergoing a similar disturbance at a given in- 
stant. As time passes, this surface moves along indicating how the 
wave propagates. For a periodic wave train we draw surfaces, all of 
whosë points are in the same phase of motion. These surfaces = 
called ‘wavefronts’. In homogeneous and isotropic medium, the S 
rection of propagation is always perpendicular to the ve 
line normal to the wavefronts, indicating the direction of motion í 


the waves, is called a ray. 


- $ dis- 

Wavefronts can take different shapes. For éxample, if eae 

turbances are propagated in a single direction, the waves ane | 
referred as plane waves. Consider a plane normal to the 
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nall source are 


1 . here ata 
of propagation, given instant condi 
ere on it. Such wavefronts call a the Same eve. 
Wn 9.3. (ay thea 
r- 


rays are parallel straight lines as sho 


9.3 INTERFEREN CE OF LIGHT 


In chapter 8, we have studied interference of sound waves 
is the result of superposition of two waves. The interference 
menon of waves, is a general feature of all types of waves 
as sound waves, mechanical waves, light waves, etc. 


Which 
Pheno 
Such 


Suppose two waves are allowed to superpose upon each oth- 
the resultant intensity of the interfering waves is zero or less 
the intensity of the individual wave, then this type of noe 
'S called destructive interference. If the resultant intensity of 


er, if 


ence 
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the interferi ton 
Rei... ae waves he greater than the intensity of an individu eae 
a ‘ype of interference ts known as constructive ice o “4 
am aie 

t waves also undergo interference. F . 
terference associat i kisen as a renait EAA 


ed with lig! 


ht waves arises as a result of the | 
bi of com- p 
_ yeaa and magnetic field vectors that consultute the | ee 
Í 
Interference effect in th aos 
e light waves are not easy to ob. s pes 
Serve because of the short wavelengths involved (about 4 x 107m z Th 
to7x 107m). In order to observe stable interference of light wave oe on | 
the following condition must be obeyed: at waves 
A common method for producing two coherent light sources finge 19 pr 


is to use one monochromatic source to illuminate’a screen with 
two small slits as shown tn Fig 9.4. The light emerging from both 
slits is coherent because a single source produces the original light 


Successive 
wavefronts 


Monochromatic 
light source 


Fig. 9.4 Hugger: s Construction of Interference pattern 


beam and the two slits serve only to separate the original beam 


into the parts. Consequently, a random change in the light oa b: 

by the source will occur in the two separate beams at the s R Ss 
time. and interference effects can be observed. ri 
9.4 YOUNG'S DOUBLE-SLIT INTERFEREN CE bap An 


two d 
The phenomena of interference in light waves Me ‘meh, wi 
sources was first demonstrated by Thoms Young in 1801. 
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_ matic diagram the apparatus used by him wean y 

js shown in Fig 9.5(a). To obtain two coherent ligh E demonstration 

} incident on a screen. which has a narrow sits rere light is 
ing from this slit are then allowed to incident he a waves emerg. 
which has two narrow, parallel slits S, and S.. a Screen 
serve as a pair of coherent light sources because 1 ese two slits 


wave: 
from these slits originate from the same wavefront anda = 
always in phase. On a screen placed at some distance away, Young 


found a series of alternately dark and bright parallel bands corre 
sponding to the position of destructive and constructive Interfer- 
ence. These alternate dark and’ bright parallel bands are called 
fringes. That is, when two light waves add constructively at-any lo- 
cation on the screen, a bright fringe is produced and when two 


ight Sty light waves add destructively at any location on the'screen a dark 
e Is produced. 
Kiik wih | fring P 
rom Central bright band 
rigina] light | 
= 
ine 
sN 
c (a) 
screen dsin ` path difference 
é 
pea (>) Screen 
goal q ble 
pet Fig. 9.5 (a) Young’s two slit interference pattem, (b) A diagram of the dou 
igh slit experiment, 
at 
i The quantitative. description of Young's experiment can be 
obtained with the help of Fig 9.5 (b).Light waves with a WEE ye 
À w length, 2, are incident on the pair of narrow, slits S, and Sy 
5 Mae | a 293 
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> rahe i cia by a distance d. The interference pat; 
a screen which Is placed at a perpendicular q © 

from the screen containing slits S, and S, , as shown 4 panee L 
Consider a point, P, on the viewing screen, suppose, neesti 


PS, = r, and PS, =r, 


The light intensity on the screen at the point P is the resultan 

the light coming from both slits. Note that a wave coming fron of 
lower slit S, travels a greater distance than a wave from the u i 
slit by an amount equal to the difference between the two pe 
the difference between PS, and PS, is known as path differen i 
from geometry in Fig. 9.5 (b), we get. i 


PS, - PS, = (r; -r,) = dsin@ 9) 


This path difference will determine whether or not the two 
Waves are in phase when they arrive at the point P. If the path dif- 
ference is either zero or integral multiple-of wavelength of the light 
used, the two waves are in phase and-constructive interference re- 
sults i.e. a bright fringe is produced: Therefore, for constructive in- 


terference 
dsin@ = ma (maxima) 9.2 


Where i represents the wavelength of the light used and m 
stands for the order of the fringes, that is 3 


m0 tN), t 2, + 3... 


Thé central bright fringe at 6 = 0 (m =0) is called zeroth or- 
der maximum. The first maximum on other side, where m = +1, is 
called first order maximum and so forth. 


Similarly, if the distance (r, - r,) contains anodd number of 


half wavelength (i.e.an integral number of wavelength plus one- 
wavelength), the waves will arrive at the point P with their se 
displaced from one another by half wavelength ( L a). There 
the point P the waves will be out of phase and destructive ity 
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, . Ttius for d ; 
eae THUS Mor destructive interference we have, 


1 
A 
sind = (m + 2 } (tinima) 


Wherem=0.#1, #2, #3... “i 


positions of the bright and dark fringes 


It is useful to obtain expressions for the 
pright and dark fringes measured vertically from 
assume that the distance from the slit to the screen is much lar 
than the distance between the two slits(d << L). In practice L is oth 
order of 1m while d is a fraction of a millimetre under these edudi- ° 
tions 8 is small, therefore 


Positions of the 
O to P, We shall 


sin ð = tand 


In Fig 3.5(b) consider the triangle OPQ we see 
Ria <a Y 
sin@ =tan@ = a : 9.4 
multiplying both sides by d we get 
Y: 
dsiné=— d 
sin L 9.5 


For computing the position of a mth bright fringe we substitute 
Y = Ym and comparing Eq..9:5 and Eq.9.2, the positions of bright 
fringes measured from the point O are given by 2 
d 5 
Ya * T žm 
Where y- be the distance of the centre of the mth bright band 


from the centre of the central band at 6=0 


Yu = AL n 9.6 


d 

Similarly using Eq. 9.3, and EQ. 9.5, we find that the dark 

fringes are located at 
XE 


Ü dob 1 
Ya ar (m+ z? 


9.7 
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_ | From Eq. 9.6, we can calculate the distan ei) mae 
Jacent bright and dark fringes. This distance 5 aatis, nis pat 
Spacing, Ax. As m increases by unit, we get fringe Weg f 

fringe spacing = Ax = AL 9 8 od 
d MR o 
As the quantities L and d are measurable, the wavelength op | P” 
light used can be calculated. In fact Young used this method too. | 
tain the wavelength of light. Additionally, the experiment gave the is 
wave model of light a great deal of credibility. - N mÉ 
9.5 INTERFERENCE IN THIN FILMS ot ors 
Soap bubbles and thin layer of oil floating on water‘are common i 
examples of thin films. When light is reflected fromsuch a film, we =. 1 
often observe the vivid colours. These visible colour bands are the im on 
result of an interference effect. The interference in this case is aifferet 
caused by the interference of light wayes-reflected from the oppo- thickne 
site surfaces of the thin films. We know white light consists of sev- 
en colours hence different waveléngths. Therefore the interference I 
may be constructive or destructive depending on the phase rela- we exp 
tionship of the two interfering’beams; hence the appearance of col- half ta 
oured fringes er 
Incident light Reflected light 
1 
must t 
| Teflect, 
| Uluer 
Temen 
light; 
Wavele 
BA” 


(b) 


dw ol! s 

ed thi to a combination the 
dda recto a man a 
2 (b) Inter-ference produced by an air wedge. ™> ° a N 
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-To investigate the Interference effect in thin film 
two plates of ultrathin glass plates Separated by a Gas We consider- 
ofair as shown in Ng 9.6(a). The fiim has a Tefractiy 

surrounded by alr whos refractive Index tg 1, me 
that light waves are coming from a Small part of 
monochromatic source of light (thus relatively ¢ 


traveling in alr nearly perpendicular to the surface o 


NVN 


dex n and 


an extended 
Oherent) and 
f the film, 

In Fig 9.6(a), a line ab represents a ra 
shining on the upper surface of the film. At t 
gass interface, the ray ab is partially reflected as a ray bé and 
partially transmitted as a ray bd. On the glass-air interface at the 
Common point d, another partial reflection occurs and some of the reflected 


y in a beam of light 
he point b-on the atr- 


Alm, we light emerges as a ray ef. The ray be and ray ef interfere with each 
BFE the other; producing constructive or destructive interference depend- 
ing on phase relationship. For nearly normal incidence the path 

Case js 


difference between the two interfering rayS (be and ef) is twice the 
< Ppo thickness of the film. Thus path difference = 2t, 


rference If this path difference is an integral multiple of wavelength, 

se rela- we expect constructive interference and if the path difference is a 

of col- half integral number of wavelength destructive interference will 
occure. 

Unfortunately;<the situation is not quite simple. First, we 

rh must take care what’actually happens to the phase of rays that are 


reflected and refracted, because these two effects have cirtical 
influence onthe nature of the interference. Furthermore, we must 
Femember that we are dealing with two different wavelengths of 
light; the normal wavelength ‘À in air and slightly different 
Wavelength in the medium (of refractive index n) which is labelled 
âs À. The wavelength in medium is then given by 


: 9.9 


anal A 

3 f i When 

the To investigate what happens to the phase of the Talia 

patior f eter m thickness of the air film is made a thin pe ‘Along the 
st Kness (a thin wedge of air), as shown in Fig 9.6(b). À 
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line where the plates are in contacts, there 1s no 
and we expect a constructive interference (a bright Spot} on th 

sis of Young's double slit experiment. But In actual experiment se 
does not happen. What happened? The straight forward pty p 
to solve the problem is that one of the two rays has gone u 
phase change of 180° during its reflection and therefore, the e 
tons for the production of constructive and destructive interfer. 
ence on their films are reversed. 


Path difference 


` In secondary classes you have studied that mechanica] 
waves are reflected whenever they come to a fixed boundary. Obser. 
vation shows that the reflected pulse is exactly out of-phase (180° 
phase shift) with the original pulse. This phenomenon is as valid in 
the case of light waves as it is for mechanical waves; therefore the 
tay be in Fig. 9.6 (a} which is reflected at the upper surface of the 
thin film is exactly out of phase (shifted’by 180° or half a cycle) 
with the incoming ray. Refraction has noveffect on the phase of the 
Tay and is equivalent to pulse reflecting at the free end- an opera- 
tion that. does not affect the phase of the ray. Thus the ray ef 
emerges without any change ofits phase. It is important to note 
that a light wave under goes a phase change of 180° upon reflec- 
tion from a medium having an index of refraction greater than the 
index of refraction of the’meduim in which the wave is travelling. 


We concludé that only the ray be which is reflected frorn the 
upper surface-of the thin film undergoes phase reversal. The rays 
be and ef which are out of phase, interfere with each other. By vir- 
tue of the phase shift of 180° (phase reversal) in the ray be, the 
condition for the production of constructive and destructive inter- 
ference are reversed. Because the conditions for the production of 
constructive and destructive interference in case of Young's double 
slit experiments are based on the fact that thereis no phase rever- 


sal in any interfering beam. a 
ve 
In the light of above discussion the condition for constructi 


interference can be expressed as 33 
, 7002 \ 
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Seat (M+ 7-002 mao, 194. 


5 9.10 
substituting. 2, = a We get 
1 
2nt= (m+ —)A; m=0, 1,2 
Z t12, 3... (max 
ma) 9.11 
and for destructive interference 
ant = mA; m=0,1,2,3,.... (minima) 
9.12 
In practice, the interference fringes are not spaced equal} 
y in 


accordance with these equations because these conditions a 
strictly only to the light that falls on the thin film at angles ie: 
go? (nearly normal incidence). As remarked earlier the Position of 
fringes depends upon critically on the wavelength of the light used, 
it is clear that the position for the bright. and dark circles will be 
different for different wavelengths. Hence when white light is re- 
fected and refracted from a thin film produces coloured fringes 
due to the difference in wavelengths of the colour that is make it 
up. 


9.6 NEWTON'S RINGS 


An air wedge may be formed between the curved surface of 
a plano convex lens and the plane surface of glass shown in Fig. 


(9.7). 


Thisvarrangement produces an Interference pattern consist- 
Ing of @number of rings centered on the point of contact between 
the lens and the plane surface. These rings are called Newton's 
tings. The thickness of the air film between the glass surfaces var- 
‘les from zero at the point of contact to some value ‘t'at some point 
E. as shown in fig 9.7. > 

If the radius of curvature of lens R is very large as compared 


tact gives â 
uct? Mith the radius r (i.e radius of a ring). The point ae os sai 


A ee to zero path difference at this 
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fos 


fo! 


fo 
Fig. 9.7 Newton's rings produced by interference at theair wedge formed by 
the lower surface of the lens and a plane glass surface. | 


change in phase in the light externally reflected at the lower surface, 
The photograph of Newton's rings shows a series of dark and bright $ 
fringes. These are due to destructive and constructive interference 
using the geometrical theorem that the product of intercepts of | 
intersecting chords are equal. we have | Sv 


r = (BC) x (AB) 
from Fig. 9.7,,we rite | 
BC (2R-t), AB = t 


N Examp] 
t being small is neglected, we get If 
r= 2r 9.13 (a) Wavelen 
e lowe 
r = )/2tr 9.130) “Se 
The path differe ap à 
nce for constructive inter ference in this Ei 
is given by Eq. 9,1) 
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i for first bright ring (m =0), we write 
pe 1 1 
2 — = 
t= (0+ z) AÀ x 
for second bright ring (m = 1), we write 
9 1 3 
2 = 1 — = eS 
t, = (1+ 5 Jas 5 À 


for third bright ring (m = 2) 


similarly,for Nth bright ring. (note that N = m+1) we write 
t 1 
2ty = ((N-1)4 z) à= (N- 3 )A 
Substituting 2t eq: 9.13 (a) and 9.13 (b), we get 


PacDRIN- 39A 9.14 (a) 


EN 
~ 


A = RIN- Fa 9.14 (b) 


F. Example: 9.1 
j If the radius of the 14th Newton's ring is Imm, when 
velength 5.89 x107m is used. What is the radius of curv 
wer surface of the lens used? 
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N=14 


À = 5.89 x 104 mm 
Therefore 


P= R (14-1) x 5.89 x 104 
R= 125.7mm 


9.7 THE MICHELSON INTERFEROMETER 


The michelson interferometer was invented b 


an n 
physicist A.A. Michelson (1852-1931). The Michelon inte m 
ter played an interesting role in the history ọfśčíence during in e frc 
latter part of the nineteenth century. It has a gřeat scientific impor- wes c 
tance and had an equally important rolein establishing high preci- ger 
sion standards of the unit of lengthIn contrast to the Young's = 
double slit experiment for producing interference fringes which flection 
make use of light from two narrow sources, the Michelson interfe- remain 
rometer uses light from a broad; spread source (extended source). plate C 

A schematic diagram of the interferometer is shown in Fig es 


9.8.(a) 


Mz 


mesanle) 
mirror 


M; 
Diffuse f 
quate source oe 
(hurok 
D 
eee ee 
plate H R iy 
Lı s 
Eye A 
Fig. 9.8 (a) The Michelson interferometer. ios. 
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It consists of two highly polis as 

e mirror M, Is fixed ohare i mie M, and 
shown in the diagram. In addition to this, it naa movable as 
which has a thin coating of silver on its right side a plate € 
silvered plate is called beam splitter and is inclined ta rh Partially 
relative to the incident light beam. It has also Pies es 45° 
which is identical to the plate C except it 1s not silvered. mae 
pose iS to ensure that the beam 1 and 2 pass through the same 
thickness of glass as shown In Fig 9.8.(a) Therefore, it is known a 
compensating plate. This is particularly important wheriwhite light 


Ce 

i fringes (coloured fringes) are desired. A monochromatic beam of 

ie light from an extended source of light A falls onthe half silvered 

th Eh Prey, plate C. Part of the light is reflected from the:silver surface of the 
E€ Yo 


ih N beam splitter C (at the point p) to the movable mirror M, After rè- 
BES whin] fection at M, it returns to the observer’s¢ye through the plate C. The 
elson interfe. remaining part of the light passes through silvered ‘surface of the 
d Source), plate C, continues its Journey, passes through the compensating 
plate D and finally falls on the fixed mirror M, . The light is reflect- 
ed back from the fixed mirror M,. It passes through the compen- 
sating plate D on its return journey and finally it is incident on the 
silver surface of the plate C from where it is reflected to the observ- 
er's eye as shown in the Fig.9.8(a). After reflection from mirror M1 
and M, . the two beams eventually recombine to produce an inter- 


shown in Fig 


ference pattern which can be viewed. 

The interference pattern for the two beams is determined by 
the difference in their path lengths L, and L, as shown in figure. 
When the two beams are viewed as shown, the virtual image (say 
M) of mirror M, 1s. formed by reflection at the silvered surface of 
Plate C coincides with the mirror M, provided L, fs exactly equal to 
L, and the-mirror M, and M, are kept exactly at right angles. a 
and L, are not exactly equal, the image of the mirror a A an- 
Placed Slightly from M, (still parallel to one another); and ! k 


303 


the mirror M, makes a slight 
the mirror M, and the virtual image M, of 
the same manner as the two surfaces + a 
sort of interference fringes result from the } 
Surfaces. The effective thickness of the air film is varied by 
mirror M, parallel to itself. Under these conditions, the nie 
pattem is a series of bright and dark rings.if the extended ee 
monochromatic. If a dark ring appears at the centre of the Fie 
ence pattern, the two beams interfere destructively. Ifa bright e 
appears at the centre of the interference pattern, the two beams in. 
terfere constructively. 


2+ Under this s" | 
Situ; 
the mirror M, ation, 


thin film, and the be 
ight reflected from th 


Suppose the extended source is ‘monochromatic of wave. 
length A, and the mirror M, is then moved a distance 1/4, the path 
difference changes by 1/2 (twice’the separation between M, and 
M,) a dark ring will appear agairi at the centre of the interference 
pattern. Thus, successive dark and bright rings are formed each 
time M, is moved a distance 4/4. The wavelength of light used is 


then measured by counting the number of fringes shift for a given | 


displacement of the mirror M, If the displacement is represented 
by x, then - 

x =m À or A= 2x 

2 m 

If m is several thousand, the displacement x is large enough 

so that it can be measured with good precision, and hence a prè: 


tween a 
cle is for 


ing : 
( 


cise value of the wavelength À can be determined. A common type 
of Michelson interferometer used in laboratories is shown in Fig. 
9.8 (b) - : vay 


wg, 


x} 
È 
(e 

2, 


ween M, ani 
> Interference | 
formed each 


light used is | 
ft for a given | 
represented | 
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"Movant 
mirror M, 


Beam 
splitter Compensator 
Plate 


mirror M, 


Fig. 9.8 (b) A common type of Michelson interferometer: 
9.8 DIFFRACTION 
According to the principles of geometrical optics, if we place 
an opaque object (an object through which light cannot pass) be- 
tween a point source of light and avscreen. a shadow of the obsta- 
cle is formed on the screen. In addition, we also observe the follow- 


ing: 
() No light reaches-within the geometrical shadow of the 


obstacle at the’screen. 
(ii) Outside the geometrical shadow the screen is uniformal- 
ly illuminated. 


Fig. 9:9 Shows the shadow of a razor blade placed between a 
Point source of a mono-chromatic light and a photographic plate. 


x 


[í 


9, by mon- 
a 9.9 The shadow produced when a razor blade is illuminated by 
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= „Contrary to what we have observed-earlier (no light reaches 

the geometrical shadow), we observe that near te aa 
-shadow a pattern consisting of bright and dark hanes Of the’ 
This leads to conclude that some of the light has bea ps ; 
geometrical shadow. "The bending of light around re pre: 
called diffraction.” Stacle 1y 


The bending of light i.e. the diffraction effect depends y 
the size of the obstacle. Diffraction effects are larger only when w, 
deal with obstacles or apertures comparable in size to the wal 
length. Usually the diffraction effects are small and must be lodkeq 
carefully. 


The phenomenon of diffraction was discoveredvby Francesco 
Maria Grimaldi (1618-1663). The diffraction effect’ was known to 
Newton (1642-1727). but he did not see in it any justification for a 
wave theory of light. Huygens although believed in wave theory of 
light but did not believe in diffraction phenomenon in light. Fresnel 
(1788-1827) correctly applied Huygen's principle to explain the 
phenomenon of diffraction which-could not be explained on the ba- 


sis of ray optics. 


Diffraction effects are classified in two types. 


FRESNEL DIFFRACTION 

When both-the point source and screen at which the diffrac- 

tion pattern {s-formed are kept at finite distance from the diffract- 

ing obstacle; the wavefronts falling on the obstacle are not plane: 

_ the corresponding rays are not parallel. Similarly the wavefronts 

leaving the aperture or obstacle to illuminate the screen are not 

plane as shown in Fig.9.10(a). This situation is described as Fres- 
nel diffraction. — 


FRAUNHOFER DIFFRACTION 
If the source and the screen on which the diffraction pattem 


is formed are removed at a large distance, so that the correspond: 
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Í parallel to cach other and the 
Nq. Í are 
$ a ing $ ation is described as Fraunhofer 
Mt N qis situ 


diffraction, 
simpler to treat analytically ang can be established in 
2 "Sige ifiraction w using two converging lenses, A lens between distant 
S A jaboratories by and obstacle, renders the rays parallel to each other 
Sy source of light duces plane wavefronts, Whereas Second lens col- 
ro 
“Peng and hence <a set of diffracted rays and focus them at a point on 
3 a 
"ly Wha p> ole as shown in Fig. 9.10( b and ¢) 
( e scre 
Othe me] oh 
St be vm 
Okey 
? Fran, 
know 
ation for 
* theory op 
It. Fresne 
plain the 
N, the ba- 
| 
| 
\ 
| 
e diffrac- 
diffract 
yt plane 
vefronts 
toa 
sF Care moved 
. | | 
a wag San sc aren 
aS $ (b) So Pea. hofer 
i Fresnel diffraction. fer d rac one 
pe dan ting in Fraunho, source San 
large distance, rest hg a 
ih tons produced by lenses, 
Nal positions, 
pati 
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O e in 


Single Slit experiment 


ttn pater ne he aranana aias a a aS 
aperture, we consid y gradually narrows ü 
aa. er a single slit which Is gradually 
Own in Fig. 9.11. As the slit gets narrower, the dive 
Bence of the diffracted light increases from the slit (e, bendi "ý 
around obstacle or aperture increases). In addition, it Produce: y 
Pattern of light called diffraction pattern as remarked ear lier, The 
centre of the diffraction pattern is bright since the light from a 
Parts of the slit arrives in phase producing maximum intensity due 
to constructive interference. Single source (i.e. single slit) interfae. 
ence is referred as diffraction and occurs for all kinds of waves 


narrowed in 


Fig. 9.11 Diffraction pattern of a slit showing the effect of reducing the width 
of the slit. 


Consider‘a’set of parallel rays fall on the slit of width a. The 
light bends around the edges as shown in Fig.9.12, we divide the 
slit into two halves. Mark of equidistant points above and below 
the centre of the slit such as c - c’, d- d’, e- e', f-f,... ete. Sup- 
pose the path difference (p.d.) between the rays from the two edges 

` of the slits is one"wavelength (14) as shown in Fig 9,12..(a) 


J Obviously the path difference between the rays from the cen- 

tre point C and C from the upper edge of the slit is 4/2 (i.e. 180°). 
__ the two rays are out of phase and cancel each other. Similarly the 
——— 
T ‘ 308 


= 


etts 
produces 2! 


creases SO 
peak in the 


This 
parts as st 
central pa: 
zro inten: 
Cancelled 
led and e 
SPonding | 
‘tensity a 


Con 


fucing the widh 


Fig. 9.12 We can obtain the directions of the maxima and minima in a dyf- 
fraction pattem by dividing up the slit and considering: as a case Of inter- 
JSerence. 


rays from the corresponding pairs cf points d - d’, e - efe 
ete,... from the lower and upper halfdf the slit cancel in pairs and 
produces zero intensity in this particular direction. If the angle in- 
creases so that the p.d. between-the edges of the slit is oe a 
peak in the intensity occurs. = 


This is best understood by dividing the slit into three equal 
parts as shown in Fig: 9:12(b).The light from the upper edge and the 
central parts interfere destructively. as seen earlier and produces 
zero intensity. Light from the lowest third part is transmitted un- 
cancelled and«résults in producing a peak in intensity. Fig. 9.12 
(c.d and e)show the path difference is 24, SA . 34 and the corre- 
Sponding to each path difference, we get zero intensity, madmum 
intensity and zero intensity respectively. 

S Consequently, (using figure) we can write 
asing =! 0, + g cae 5 EN F à... (for diffraction _ 
maxima) 9,15 


a” y+. (for diffraction 
Baca sth » EAA, 3), EA o yn Uor dillractaa aa : 


or asinge mi;muth, t2,+3... 9.16 b) 
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| git A 
asche 
„9.14 WP 
tween two c 

Sine | a 

Fig 9.13 (a) Photograph of the diffraction pattérn produced by a single slit the grating. 
permed by monochromatic light. (b) intensity graph for this diffraction can be used 
ire 
The central m=0 maximum-is-very bright since all the wave- ae a | 
lets have nearly the same path léngth and are in phase. The dif- ont 
fraction pattern produced by-single slit and the intensity graph for The p 
this diffraction pattern when illuminated by a monochromatic light if differ by o 
is shown in Fig.9.13. constructive 
9.9 DIFFRACTION GRATING the path dif 

to 
Suppose that instead of a single slit or two slits side by side, dsind sh 
we have a Very large number of. parallel slits, all with the same For ý 
width and spaced equal distance apart such an arrangement 1S Call it zer, 
called a diffraction grating. By using large number of slits, the in- = 
tensity and the sharpness of lines can be increased. enabling the The |, 
wave length of the light to be accurately measured: d sin 
t 

A diffraction grating is a very useful device for analysing p The 2 

sources. A diffraction grating consists of a piece of glass with DU" te 
n 


O TO on 
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of parallel lines marked on it. The thin cle: 
transmit light and act as slits, A fine ar strips between the 


4 perem has a slit spacing d equal to L6éxiotee with 6000 lines 


Fig. 9.14 A diffraction grating. 


A schematic diagram of plane diffraction grating is shown in 
Fig: 9.14 where b is the width of slit.and a is the separation be- 
tween two consecutive slits. (a+ b) = is called grating element. A 
parallel beam of light from the monochromatic source is falling on 


1 single slit the grating, which sends out waves from each slit. A convex lens 

diffraction can be used to bring the waves together at a point along certain 
definite directions, waves of a particular wave length from adjacent 

1 the wave: slits are in phase andfeinforce each other. 

se, The dl- 

y graph for The parallel‘rays of light after diffraction through the grating 


matic light if differ by one'wave length when they arrive at p, they will interfere 
constructively. The condition for constructive interference is that 
the path’difference between two consecutive waves should be equal 
tod'sin@ shown in Fig: (9.14). 


For the central maximum there is no path difference, so we 


got K call It zero order: 
. 


The Ist order maximum occurs when 
dsns.. 
The 2nd order. maximum occurs when 
dsino=24 


_ For the mth order maximum 
 dsin@=ma;m = +1, 42,43 


5 Example : 9.2 


A diffraction grating with 10000 lines 
- minated by yellow light of wavelength 589 n 
the Ist and 2nd order bright fringes seen? 


per centimetre Is thy. 
m. At what angles Sarg 


£ k Solution 
d sin@ = mÀ 
for first order m = 1 


sin9 = mA\d = 1 (589 x 10°) / / 10000 xí% 100 = 0.589 
sin@ = 36.1 degrees 


For second order, m = 2 


Sin@ = mA\d = 2 (589 x 10°}/(1/10000 x 1/100) = 1.178 


This number is larger than 1 and so sin9 does not represent 
any rational angle. 


Hence only the I st order appaers for this wavelength. 
9.10 DIFFRACTION OF X-RAYS THROUGH CRYSTALS 


X-rays are electromagnetic waves. They have short wave length 
of the order of 10 x 10°'° m, therefore it is not possible to produce 
interference fringes of X-rays by Young's double slit method or by 
thin film method. The reason is that the fringe spacing is given by 
4. L and unless the slits are separated by a distance of the order 
of 10 x 10"°m, the fringes obtained will be closed tegilo that they 

cannot be observed. ` 


However, it is possible to obtain x-rays ‘differaction by ne 
~ dng use of crystals such as rock salt in which the atoms are unilo 


a AD 
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a > 


BC = 
planes of | 
sind, Now 
ence is an 


This 
ke layers 
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7h i ced in planes and separated by a 


di s 
mally qherefore. the diffraction of x-rays ta Stance of the Order of 


kes 
H ent on the crystal as shown in Fig: 9,15, place when they in- 


Incident beam Reflected lectin 


Fig. 9.15 


Consider a set of parallel lattice Planes-having spacing d be- 
tween each other shown in Fig. 9.15. Consider a and b rays reflect- 
ed from the two layers separated bya distance d. The path differ- 
ence between the two reflected rays.,is, LB + BC (see Fig 9.15). 


It can be proved 


BC = LB = d sin@ ‚where d is distance between the atomic 
planes of the crystal. Therefore the path difference (LB+BC ) = 2d 
sind, Now the waves: will interfere constructively if the path differ- 
ence fs an integral multiple of the wave length. 


m= 2d sin 
This relation is called Bragg's Law. The spacing of the atom- 
ic layers-of crystals can be found from the density and atomic 
Weight. Both m and 6 can be measured and hence the wave length 
Ofx-rays can be determined from the above equation. Conversely if 
Mis known, the d may be measured. 


9.11 POLARIZATION OF LIGHT WAVES 


ht 
From the phenomena of interference-and diffraction os 
t was proved that light has a wave nature. However, this doe: 


about the type of waves. 


O 
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There is a 
along th 


the Propagation of the light wave, so ligh, 
Wave is transeverse wave, 
Transverse nature of li 


ght make it Possible to Produce and 
detect Polarized | 


ight. To clarify this let us, first consider the behav. 
Our of transverse waves. Consider a stretched string along which a 


transverse wave {s Passing. The particles of the string are vibratin, 
Perpendicular to the length of 


: P 
the string. If a block of wood with gia ga 

a slot in it is Placed over the string, the vibrations are not affecteg ee indict! 
when the slot is parallel to the direction of vibrations as shown in gel f 
fig.9.16 (b). However, when the slot is at right angle to this paristo 
direction, the vibrations do not pass. as woe 
‘ 1, Itres¢ 
in to ¢ 
9, tabs 
other 
The plane 


through a tour 
placed parallel t 


tlis also tran 
d if the slol Crystal is rotate 
'a)The trarisverse vibrations on a string are not affecte: 
“hy 3 ad T the direction of vibration. ndicular te ‘Ned effect 
ts (a) parallel to through the slot (b) if it is held perpe: Nt a 
The vibrations do not pass g Nes vibr 
nd utbration. k 
the direction of ah anal 
r e num- 
of light from the normal source cone pen nrg 9 
ee tion of whose vibrations is comp said to be The 
eee > The direc : 9.17(a) The beam of light is sheet | Many, € Meth 
t. This is shown in Fig: 9. through a polarizing ty ton b 
y ; if larized beam passes thr d as two linearly Yoh : 
abide larized can be represente Fig: 9.17 | Moy er 
known as polariod. Unpo! er as shown in ht, 
beams at right angle to each oth 
polarized 


(b and c) 


aS ae 


XK 
w | 


End-on Side view 


(c) AEE ore 


Fig 9-17 (a) unpolarized ordinary light. (b) plane polarized light “fey Polar- 
ized perpendicular to paper. 


Polarization depends on a parallel arrangement of crystals. 
which has two effects on the light. 


1, It resolves the direction of the vibration of the light wave 
in to only two directions mutually at right angles. 


2. It absorbs one of these components and transmit the 
other as in Fig: 9.18. 


- The plane polarized light can be obtained by passing light 
through a tourmaline crystal. When two tourmaline crystals are 
placed parallel to eachother the light transmitted by the first crys- ~ 
a tal is also transmitted by the second crystal. When the second 
crystal is rotated through 90 degrees, no light gets through. The 
observed effect is due to selective absorp: -n by tourmaline of all 
light waves vibrating in one particular plane, the second crystal is 
known-as analyser and the first crystal is known as polarizer as 
shown in Fig: 9.18. 


The method of polarizing the light discussed above Is called 
Polarization by selective absorption. However. light can be polar- 
ed by other methods like reflection, doublerefraction and scatter- 
Ng of light, 


= Polarization of light has many technical and scientific appli- 
o 


ns in daily life. These include: _— 
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Figure: 9.18 


Analyzer 


Polarizer 


l. The determination of the concentration of optically ac 
tive substance such as sugar. 


2. In photography it is often desirable to enhance the ef- 
fect of sky and clouds. Since light from the blue sky is | 
partially polarized by scattering a suitable orientated po- 
larizing disc infront of the camera lens will serve as a 
sky filter. 


QUESTIONS 


Distinguish‘ between diffraction and interference. Can there 
be diffraction without interference, and interference without 


diffraction ? 


Describe and explain the interference effect produced by thin 
films an observer sees red colour at certain position in an ol 
film Would other observers also see the red colour at the 
same position? 5 


Consider YOUNG'S double slit experiment and exp! 
the following parameters have to do with the light 


ain what 
distribu 


‘tion on the screen. 


(a) Distance between the slits. 


PROBLEM: 
l 


vy 


How 
mirre 
The» 


W: JI MULAI D YTUTURTIOIIIS 
o ih of the’ sed! 
(0) wavelength of the incident light. 


Give an experimental arrangement for Producing Newton's 
rings. Why are the fringes circular and why is central s; K 
black? Would the point of central Spot appears dark if R 
with the help of transmitted light? 


Discuss the statement that a diffraction grating could Just as 
will be called an interference grating? 


6, For a given family of planes in a crystal, can the wavelength 
of incident X-rays be: 


(a) too large or 
(b) too small to form a diffracted beam? 


7. What do you mean by plane polarized light? How does the 
phenomena decide that light waves are transverse? 
8. Why Maxwells discovery that light was an electromagnetic 
wave is so important? 
9. Which of the following.éan occur in (a) transverse and 
(b) longitudinal waves? 
Refraction, Dispersion, Interference, Diffraction, and Po- 
larization: 


PROBLEMS 


How many fringes will pass a reference point if the 
mifror of a Michelson’s interferometer is moved by 0.08mm. 
“The wavelength of light used is 5800A. 
(Ans. 275) 


Ina double slit experiment the separation of the slits Is 
1.9mm and the fringe spacing is 0.31mm at a distance of 1 
from the slits. Find the wavelength of light? 5 
(Ans.-0.589x10 m) f” 
Interference fringes were produced by two slits Oa 
Part on a screen 150mm from the slits. If eight pe : 


— 


ni 


nups: TIN EYIGY QUIUDE: COMICIVIDUAT DIT 


g. 


4, 


g 


m. What 
the- Bi > iS the Wavelength of the 1 ght pr 
od 


_ Green ı (A 
ight ofw ns. 5 
ATs avelength 54 
aving 2000 fnew ann Sth 5400A° is diffr 


(a) Compute thes 
(b) Isa 10th ond 


RO 
acted by Bratting 


angular deviation of th pthird or 
pderimage possible? © 
Ans. {a)189° 

Lig 

ight ofa wavelength 6x10” m falls normally onia diff 
grating with roa 
g 400 lines per mm. At what angle to the Rorm 

are the Ist, 2nd, and 3rd order spectra produced? a 
Ans. 1319% 58.77, 46.19) | 
If a diffraction grating produced a Ist ordér spectrum of | 
light of wavelength 6 x 107 m at an angle of 20° from the | 
normal. What is its‘spacing and alsox talculate the number of | 


der Image 


(b)Impossit), e) 


linespermm? } 


(Ans: 1.75,.%10%mm, &.7 x 10? lines / mm) 


Newton's rings are formed between a lens and a flat glass 
surface of wavelength 5.88x 107 m. If the right passes 
through the gap at;30° to the vertical and the fifth dark ring 
is of diameter Qnim. What is the radius of the curvature of the 


lens? 


(Ans. 23.8m) 


How-far apart are the diffracting planes in a NaCl crystal r 
which X-rays of wavelength 1.54A° make a glancing angle 0 


° _ 54 in the lst order? s 
a (Ans. 2.814 


rystal the A 

A parallel beam of X-rays is diffracted by rocksalt a a s Ge, 

1st order maximum being obtained when the i nei SS cen 

of incidence is 6 degree and 5 minutes. Fhag deanas r a po 

the atomic planes of the crystal is 2.81x107°m. Ca cn 

: l of the radiation. Ay 
e cans, 0.5952 x 10° | Sten 
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Geometrical Optics 


10.1 LENSES 


A lens is a piece of transparent material that can focus a 
transmitted beam of light. This is usually bounded by two spheri- 
cal surfaces, or a spherical and a plane surface. For our Conven- 
ience, we will deal with thin lenses in this chapter. Basically lenses 


fall into two categories, converging or convex lenses, and diverging 
or concave lenses. 
sa 
tg 
It pasy 
dat 
tured 
5,18 
pl? Fig: 10.1(a) Double convex lens (b) Plano- convex(c) concavo- convex 
i 
Ti (d) Doubleconcave (e) convexo- concave (f) Plano- concave 
M A convex lens is thicker in the middle and thiner at me a 
U es, converges light rays towards its optical axis, (the line thro g 


s 
its centre of curvature), so that a beam of parallel rays converge 


Ny at a point F (Fig: 10.2). For example in bright sun light, pee 
nl lens may produce a spot of light intense enough to SET. r at 
concave lens which is thiner in the middle and thicker 
es bends rays outward from its optical axis Fig. 10.3. 


———— 
a 
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Fý: 10.3 


The point F to which the rays are brought to focus is called 

the principal focus or the focal-point, and the distance between the 

_ optical centre of the lens‘and its principal focus is called the focal 
length. Conventionally ffs taken to be positive for convex lenses 


and negative for ae lenses. 
10.2 IMAGE FORMATION 


È We have seen that in case of a convex lens light rays from a 


n its axis arrive parallel to the axis and meet to 


_very-distant point o 
ts form 


an image at the principal focus. Rays from other poin 

es whose locations can be found graphically, if the focal length 
lens is known. However we cosider only three rays out of them 
intersection determine the location of the image as 


WYOULUDE.COM/C/VIUUATD YT UTUNCUUUTY 
in Fig. 10.4 . That is, the thre 
a? © rays which are numbereg 


a— 
ens 


Fig: 10.4 Location of the rays in case of a convex | 


Fig. 10.4 (location of the rays in case of a convex lens) in 


ray diagram. Three rays are drawn from the tip of th 
iow P e object as 


(i) The ray 1 leaving the tip ofthe object parallel to the axis 
is refracted by the lens‘so that it Passes through the prin- 
cipal focus F on the other side of the lens. 


(i) The ray 2 passing through the Principal focus F emerges 
from the lens parallel to the axis. 


(ili) The rayò3 passing through the optical centre of the lens 
remains unchanged in the direction. 


The?location of the image when an object is placed before a 
Concave lens is shown in Fig. 10.5 . Convex lenses yield real image 


except for the case when the object is placed between the principal 
focus and the lens as shown in Fig. 10.6, Concave lenses yield 


s of the position of the ob 


respect to the object and Vint, 
Mal 4, 


2f 3f Image 


description 


fig. 10.8 


As shown 
Kare similar, 


Fig: 10.7 
10.3 THE THIN LENS FORMULA 


; am 
Thin lens formula can be developed from the ray diagr 
1 in Fig. 10.8. 


; t 
Pa: y e obje? 
The distance from the optical centre of the lens toth 


ruUTURCyD JG 


pom omean 


centre to the im- 
oted by q; The following sign conventions are used. oo 
ce pis { * ve for any real object, 
distan 
object 


~ ve for any virtual object, 
+ ve for a real Image. 
- ve for a virtual image 


+ ve for a convex lens 
- ve for a concave lens 


Image distance q is í 


Focal length f is 


Ider an object whose real and Inverted Images 
Be thin convex lens as shwon in Fig 10.8. 
rmed by 


q ———: 

E_r 

ize 

a angles OPX and 
As shown in thefigure the right angled triang 

a 10X are similar, therefore we can write 

ed 


10.1 
oP eae 
4 = q 
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ay! Se a - 
q a-f 103 ty 
simplifying the relation, we find that ~ 
1 1 1 
— + =— = 
P q sf 10.3, ty 
This is known as the lens equation or lens formula 
same manner, we can obtain lens formula in Case of a i 
lens. ; a 
Consider the Fig. 10.9 , the triangles OPX and 1QX are Simi. 
lar, therefore 
‘2 P 1 
"ox y i 


Similarly A AXF and å 1QX are similar; therefore 


AXT FX f 
19 


DF 5 Fou 10.5 


| OP x 
ag -- oF 
6 
Soei f 10. 
T - 


simplifying the above relation, we get 
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— že = 
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10.7 
convention, the above 
applying Sien equation 
i a TEN 
meea -J 


k COMBINATION OF THIN LENSES 


jn most of the optical instruments two or more lenses 
ysed in combination. The location, size and nature of the final ni 
can be determined by using the lens formula or ray diag 
jn either case, we locate first the image formed by the first esse! 
ysing that image as the object for the second lens, the final image 
formed by the second lens can be located. If there are more than 
wo lenses, this process is continued; the object for each lens is the 
image for the preceding lens Fig 10.10 


L 
Object 2 


Fy. 10.10 


Referring Fig.10.10 we can see that lens L, forms an image 
I; This image acts as a real object for the Lens L,, which forms a 
an Image l Notice that I, ts inverted with respect to I, and erect 
respect to the object. 


are 
E: shall now consider the case when the two thin ene 
Pare tact, which means their separation is very small as 


to their focal lengths. This is illustrated in Fig. 10.11 


— EOSS 


TINVUVW.V 


Le a point object O be placed at a distance i froi the 
whose real image 1, is formed by it at a distan À Fro s 
lens formula < p 


AN 


pL e 
a, E7 y" 10.8 


as 
P 
Where f, is the focal length of lens Li 
This image now serves as a-virtual object for the second lens 
L, of focal length Sy If we neglect-the small separation between the 
lenses, the distance of this, virtual object from lens L, will be the 
Same as its distance fromthe lens L If the lens Ly forms an image 

Lof this virtual object ata distance q 

> 
1 G 


a l 
-i 10.9 


As pae is virtual for lens L,, Le Po Fads 


Adding Eq. 10.8 and 10.9 , we get 


Fig: 10.12 
This close combination behaves Ss a single lens whose focal 


Jength is given by the above relation. 


\ 


The Eq. 10.13 shows ‘that for a pair of lenses in contact the 
sum of the reciprocals of ‘their individual focal lengths is equal to 


the reciprocal of Sa length of the combination. 


10.5 POWER OF LENSES 
If enses with focal lengths J, and J placed in contact 
3 oier are equivalent to a single lens with a focal length f 
1 1 
l TSA the power of the pair of lenses is P = Pi + Py- 
lus the powers of lenses in contact are simply added to find the 
ant power of the combination. 
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* 


Spherical a 
Ugit raya far n berration ts due to the fact that the f ip 
Pein. ER the optical ads of a Spherical lens a of 
ot rays Passing through the r 
centr ent o 
trates the Spherical aberration for ATOT 13 j 


aperture to reduce spherical aberration when possible (An a 


is an opening that controls the amount of u pa 


ght transmiti 


Fig: 10.13 (Spherical aberration) 


The fact that different wavelengths of light refracted by lens 
focus at different points give rise.to chromatic aberration. 


From the lower diagram we see that the focal length of violet 
light is less than that of red light. Other wave lengths (not shown 
in figure) would havedifferent focal points. This defect is called 
chromatic aberration. This aberration can be reduced to a greater 


violet 


violet 


Fig 10.14 chromatic aberration 


de from 
extent by the combination of convex and concave lenses mâ 


the different type of glass. 
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yo a a 
By LINEAR MAGNIFICATION : 
qhe Linear magnification, M, Produ 


ts w i tne ratio of the size of the Image to the Site od ge isd é 

vith ification = -22e of image -t rom Fig 10.15, 
a, Magn size of object 

Sible D.Y 


A typical object and image linked by a ra 
y through the 
own in fig 10.15. The AOPX and AIQX are si pole is 
4 im. xO _ 4 Similar and therfore, 


Eor xo" 


xo p 


“. Magnification = 


p 


Ifthe image is inverted and if p and q are both positive, Y’ and Y have 


g Brest signs. then the formula for magnification becomes: 
p RS) 
E 


p 
Site In fact, this is Just one of a series of sign convention asso- 
d with the lens equation and similar expressions. 
10.8 MAGNIFYING GLASS 
sub- 


Bisa apparent size of an object depends upon the angle pat 
it at the eye. This angle Is called the visual angle-7TH6_ 


BUCO CVIUCATD IF UTUR 


jal angle. the greater is the apparent ş 
tis illustrated in Fig 10.16 where the nD of the 
d nt positions will appear to be of different, Obee 
e smaller the distance of the object from the Sizes a 
ll be the visual angle consequently it will appear na the 
n to see the fine details of a small object, we bring it re a! 
e eye as possible, thus increasing the visual angle ang (à 

e and real Image on the retina of the eye. But we know aia 
al person cannot see clearly an object if it is closer than, gf 


, 
o 
10170) 
; Fig: 10.16 yere © 
' east 
least distance of distinct vision, d i.€.;25 cm. A convex lens helps us ped 5a 
to see the details of an object by bringing it closer than 25cm. aed à 
Such a convex lens is known ás magnifying glass, or simply a mag trough the ma 
nifler. 
Let us now calculate the magnifying power or angular magnification terelore 
of the magnifying glass which is defined as the ratio of visual angle tan g 
subtended by the image seen through a magnifying glass to the vis- i 
ual angle subtended by the object when placed at the least distance atan o 
of distinct vision, when see through naked eye. 
Ss à 
Consider a small object OP which is placed at a distance p ( 
within the focal length of a magnifying glass 'L' such that its erect! ln ight. 


tua and magnified image IQ is produced at the least distance d 
i a vision ‘d’ as shown tn Fig. 10.17 (b). The magnifying Powe 
Of th magnifying glass is given by : 


Sp aera 10.14 


<—p— 
10.17(b) Si = d— 


Where œ is the visual angle subtended by the object when 
placed at least distance of distinct vision, when seen through un- 
aided eye and f is the visual angle-subtended by the image seen 


through the magnifying glass. 


therefore 
tan a= Since & is small 


Substituting -values of a and f from Eq- eo er 


the angular magnification is 


5 > Gk = oyes 


multiplying throughout by d, we get 


DF td F +1 


Substituting this value of a in Eq. 10.17, we get 


Sa 
ee +i 10.18 
Example 10.1 
pihoug 
A chess piece 4cm high is located)10 cm, from the converging | joile mage We 
lens whose forcal length is 20 cm. What is the nature size and loca- jasne the T 
tion of the image? =3y,t 
Solution:- a 


The object is between the focal point and the lens. The image 


distance is found by ising the lens equation foe s 
eer, 
SF Np q alg 
to 
20 ~ 10*4 ; 
q 
.q =-20 
j erect: +] 
Since q is negative, the image is virtual and therefore 3 


nttpssmwwnyoutube:com/c/MDCATBYFUTUREDOC 


mhe magnification is given by 

r T oe 

il tilde 
ye. -4 

M = y P 


oy = MY = 2x4 =8cm 


qhe magnification is 2 in this case, with final size being £ 
itive value of image size m eS 
om. The pos g! cans that the image is erect 


prample 10.2 
How far from a convex lens whose focal length is + 20 cm 
ust & specimen of a Red Admiral butterfly be placed if its image 


109 is to be a real one, three times as large as the object? 


Solution:- 


Although we neither know the distance of object nor 
that of the image.we can relate pand q from the magnification 
formula.Since the real image is inverted, 

ie y = 3y, the magnification is given 


oo SMe 
4 


Onverging 
and loca 
by M = Z = 


he image 
HenceM = a aq = +3p 


The = ve sign is necessary since the image is to be real and 
therefore inverted. Now using the lens equation 
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ect ern very high i igeiteatit It Consists 
objective (a lens placed before the obj 


ect 
if, and an eye-piece (a lens placed be! i 


iece is used as a magnifying glass to see the as ; 
the objective. The final image seen by the eye thr gh 
oscope is virtual and very much magnified. rg Fife p 
the path of rays through the microscope. 


In order to derive an expression for the magnifying power of M? 5 

ope, consider a small object OP placed“àt the distance p 
beyond the focus of the objective lens Li» whose real, inverted the mag 
magnified image IQ is formed at a dance q from the objec- 1 
MeT 
The Eq. 
7 Ly Ms M, 

N 1 

ee 


ene 
< A ar a 


.18 Compound Microscope 


1g Power of the microscope is given by 


SIW Where a and p are the visual angres subten fed ye SY 
TA respectively when formed at the least distance ks de 
tinct vision a 
rgo 


=a s2 and pea 


Substituting the values of a tnd $ in Eq: 10.19, we get 


por | 
19 ro 
x 10.20 


The magnifying power of objective L, ís given by 


IQ oe 
M= a= = (7 A OPX, and AIOX, are similar) 


The magnifying power of eye-piece is given by ; 
M = a (~. AIQX2 and A I'Q' Xfarè similar) 


The Eq. 10.20 can also be written as 

M=M, XM, 

As the eye-piece acts here as a magnifying glass, hence its 
magnifying power can.also be written as 


10.21 


d 
M, = — +1 
ce 


By substituting values of M, and M, in Eq: 10.21 we get 
d 2 
meee (Sy 10.2 
> Ft) 
As the object OP lies just outside the focus of the objective L, 


"e p zf 
Also the image IQ is formed very close to the eye piece 4 


OX, ~ X xX, 
O- SE aa 
. 337 : 


between objective and e Sen 
Piece, 


croscope has an objective of 10.0mm focal length 
-25 mm focal length. What is the distance between, J S 
d what Is the magnification if the object Is in sha focus peca! obje 
10.5mm from the objective? 4, gle. the 


ution: Astro’ 
or the objective p = 10.5mm, f, =10mm..q= ? Anas 
Jee jes Le. plan 
So ART 

1 1 length f. FI 

3 er r cal telescopi 

= 210mm <> In orc 
< the astrono; 

verted and ç 


For the eyepiece J, = 25 mm, q = - 250 mm(-. the final im- 
ild be at the least distance of distinct vision) 
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Magnification by objective = -2 . _210 
p 10.5 ~ 20 


= d pi 
ti b -pii = 50 
Magnifica on by eye-plece + lj) = ( 1) 1 


Total magnification = 20 x 11 = 220 


10.10 TELESCOPE 


Telescopes are used to see distant objects. The iake ofa dis- 
tant object formed by a telescope is smaller than the’actual object: 
because it is much nearer to the eye and has avgreater visual an- 
gle, the object looks larger when viewed through the telescope. 


Astronomical Telescope 


An astronomical telescope is needed to see the heavenly bod- 
les i.e. planets and stars. It consists of two convex lenses an objec- 
tive. L, of long focal length f, and an eye piece L, of short focal 
length f,. Fig 10.19 shows the path of rays through an astronomi- 


cal telescope. 


In order to‘dérive an expression for the magnifying power of 
the astronomical telescope consider a distant object whose real, in- 
verted and’diminished image 1Q is formed by the objective L, at its 


ẹ------- eee ee enn} 
4 
wy 


Fig. 10.19 Astronomical telescope. 


5 so ad; 
jústed that 19 lies Just inside ty 


Yr g ed 


hia 


el 
mical telescope forms an 
inverted, 


The distan 
ce 
between objective and eye pi 
piece is 
call 
ed oo 


th 
e telescope, which is given as 
K 
wee 
7 jA mist” 
gion" , gust? 
og 4 J 
he es? 0 
pica" 
sation 
qur est step 1S 
a z iyi es or the objective Y 
n EN ’ 
; gs ual angles subtended by the object 
right angled triangle I QX,, we have a, 
The 
Sum of th 


WYOULUDE:-COM/C/MUULAI DY FUURCUUUT Ji 
p $ ‘Substituting the values of a and B from : 
tn Eq-10.25 we get 

JS focal length of objective 


M= = 
Ie focal length of eye piece 


Eq.10.26 and 10.27 


From the above relation, it is clear that for high magrtica- 


~ tion the focal length of the objective should be very large as com- 
pared to that of the eye piece 


AN 


Example 10.7 


An astronomical telescope has an objective lens whose power 
is 2 dioptres. This lens is placed 60 cm from the eye piece. When 
the telescope is adjusted for minimum eye‘strain. Calculate the 
angular magnification of the telescope. 


Solution:- 


Our first step is to determine the focal lengths of both lens- 
es. For the objective we are given a power in dioptres 


1 
— m = 50cm 


t = 
eres) power (in dioptres) 2 


The sum-of the focal lengths f; + fz equals the separation of 
the two lenses, therefore 


Si + fo = 60 cm and fz = 60-f;= 60-50 = 10cm 


The magnifying power of this telescope is 


OUUDECOMICIVIULAI DYrTUTURTR® Tyro 


; d F yi? s ld 
“This Is a low-power telescope that is used to examine 4 large o” s” a 
, of the sky. We would require a high-power telescope to exam y f , f 
X individual bodies, such as moon and planets in closed detai. ab 4 g 
5 
10.11 GALILEAN TELESCOPE z ph e 
PAN - 4 dP“ 
Galilean telescope is an optical instrument which is Used to fo a vel 
see the objects on earth. It was developed by Galileo. A Galilean £ eP 
Telescope consists of a convex lens L, asan objective and a concave im i} 
lens L, as an eye piece. The virtual and erect image of distant object Meo 
when seen through the eye piece L, is formed at the focus/of the 
. objective L,. veri 
aztan o (% 
f -19 
ETK 
19 
ras 
Si 
Again in rig 
N B z tan B 
\ 
Fig 10.20 Bipa x 
= QX = 
it i 10.28 Or N 19 
The eye piece L, Is introduced between L, and z F 
IQ lies very close to its focus. es Such tha 4 
p By 
fi Q: 2 lo, Sy 
rs 10.29 {iy By bstity 
‘lO. 
È, e eet virtual and eo magnified image 1Q' is pro- i, l 
a an as shown in the Fig.10.20 The distance between the objec- a X 
- 2 


oL=Sfi- Sa 
Expression for magnifying power 


If a and ß are visual angles subtended by the object and the 
image respectively, then magnifying power can be obtained as 


=) 


In the right angled AIQX,, we have 


a= tan & (.. the angle is small) 


10.32 


0.39 and 


By substituting the values of a and B from Eq.1 
10.40 in Eq. 10.38, we get ; 


é 


= focal length objective 
focal length of eye piece 


> TERRESTRIAL TELESCOPE 


ae telescope is used for astronomical Purpose, 
ve see the heavenly bodies like moon and stars, their ima 
inverted. But when terrestrial objects are to be vieweg, , 
- sary to have an erect final image. The erection can be accom, 
plished by introducing a third lens between the objective and eye 
- piece of telescope. The arrangement is shown schematically in 


Fig. 10.21 


The function of erecting lens is clear from Fig. 10.21. Iņ only 


Le, whe: 
Ee is Seen 
tis Neces. 


Object _ 
Fig: 10.21 Terrestrial telescope ee ~J 
: Eyering 
inverts IQ to l'Q'and does not change the magnifying power which 


is same as in the case of an astronomical telescope. 
10.13 SPECTROMETER 
It is an instrument which is used to study the spectrum of 
luminous bodies. The.essential parts of this instrument are (a) col- 
limator (b) telescope and (c) turn table as shown in the Fig 10.22 
2nd order 


1st order 
Zero order 
eae 


= 
—— 1st order 


2nd order 


Telescope 


Fig: 10.22 
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> 
d’ 
A 8 


py 
peat 


tis a cire 
aus Its helght 1s 
ofthree screws L, 
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(a) Colimator 


It consists of a metal tube provided with a 
one end and an adjustable slit S at its other end 
tube is altered by a screw to be equal to the focal length of the con- 
vex lens so that the collimator produces a parallel beam of light 
The collimator is fixed to the base of the instrliment while tum i 
ble and telescope can rotate about a common axis. 


convex lens at its 
* The length of the 


fb) Telescope 


The telescope is simple astronomical telescope whith is used 
for making measurements, or for examining the spectrum. The ad- 
justment for focussing the telescope is made with the help of screw 
S,. The telescope can be rotated about an axis, 


(c) Turn Table 


It is a circular metallic plate which can rotated about an 
axis. Its height is also adjustable and this can be levelled by means 
of three screws L,M and N. 


There are arrangements for fine motion of the telescope and 
turn table. A vernier stale is provided to measure the angle with 
great accuracy, Le in degrees and minutes. 


Before using, the collimator is adjusted for parallel rays and 
the telescope is focussed for parallel rays or for infinity. For this it 
is focussed’on a distant object. 


Uses 


The spectrometer is an analysing instrument used primarily 
to discover and measure the wave lengths of a given light. When 
light from an incandescent solid, liquid or gas is examined by a - 
Spectrometer, an image of the slit is formed for each wave length 
emitted by the source. Such a spectrum is called an emission spec- 


| iam. If all the visible wave lengths are present in the light which 
| S analysed, the images overlap and form a continuous spect 


345 
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t 
j 1 w I 
he source emits only a few definite wave lengths, the image iS it? 0 
slit are separated from one another and appear as a series of br, € o” ’ ys" 
lines. Such a spectrum Is called a line spectrum. A third ¢ Si 9 š con 
emission spectrum is called bandspectrum which shows ten meget | 
n- 5 . 
stead of lines. These bands are found to emit of closely Spaceq ws 38 
lines arranged in an orderly manner. The line spectrum of a m ercury e rou 
.10.23. 
light is shown in Fig 10.2 a on 
pe £ 3 tur +f 
B 3 È S$ 3 i abno | 
$ D Ss À 4 ¢ s con 
> o] goss e í 
E pa mage © 
the apnorm 
4,000 A° 5,000 A° 6,000 A° 7,000 A° farsighted: 4 
í own l 
Fig: 10.23 Spectrum of mercury light eei in fi 
wn as | 
10.14 THE EYE kno’ 


corrected W 
The eye is very important optical system which has much 


common with the camera. Like:the camera the eye gathers light 
and produces a sharp image. 


Fig.10.25 shows the essential parts of the eye. The front of 
the eye is covered by atransparent membrane called the cornea. 
This is followed by,a clear liquid region, a variable aperture (iris 
and pupil) and the crystalline lens. Most of the refraction occurs in 
the cornea, since the liquid medium Surrounding the lens has an 


average index of refraction close that of the lens. The iris is a mus- 
cular diaphragm that controls the size of the pupil. It regulates the 


Fo: 19 
25 
Lens Caliary muscle SOhted) t 
Pupil Me, ang P 
Cornea, ME Uon 
Anterior acond l 
Chamber 9 


Fig: 10.24 
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amount of the light entering the eye by dilating the 
low intensity light. Light entering the eye ta focused by ie Ught of 
lens system on the back surface of the eye c “a 


alled the retina, 
retina contains nerve fibres which branch out into saline ofS 
dng structures called rods and cones. Optical Image received by the 


retina Is transmitted to brain via the optic nerve. 


Although the eye is one of the most remarkable 
nature, It often does not function perfectly. The eye m 
eral abnormalities, which can some Umes be corri 


glasses, contact lenses, or surgery. When the relaxed 
an image of a distant objected behind the retina, as 


the abnormality is known as myopia and the perSon is said to be 
farsighted. This condition is corrected with acconverging lens, as 
shown in Fig. 10.25 (b). When an image of @ distant object is fo- 
cussed in front of the retina, as in Fig. 10,26 (a) the abnormality ts 
known as hyperopia or short sightedness. This condition can be 


corrected with a diverging lens as in Fig 10.26{a), (b). 


(ay (a) 

(b) (b) 
Fig: 10:25 (a) A hyperopic eye (far : 10.26 (b). (a) A myopic eye (near 
sighted) ts slightly shorter than: nor. sighted) ts slightly longer than 
mal and so the tmage of a distant and so the mage of a distant oljed 
object focuses behind the retina. (b) forms in front of the retina. b} 


The condition can be corrected with condition can be corrected with a dt 
a corwerging lens, verging lens. 


Creation in 
ay have sey- 
ected by tye 
eye produces 
in Fig 10.25 (a) 


QUESTIONS 


? 
l. How can a real image be distinguished from a vto 
Can each type of image be projected on screen? Explain. 


BST WWW.yOULU! l CIMO. 


osition, nature and size of the p 
convex lens (b) concave lens, 


er what conditions does a converging lens act A 
ing lens? TAR 


Tia a convex lens of small focal length Preferred for 
mifying glass? K a 


NE l wpe © 
Define the construction, working and magnifying power Q 
= compound microscope. Ñ g A £ 
“ae jen. 
How is the magnifying power of a (i) telescope a Si tae yes) 
scope affected by increasing the focal ien gih thee objec- apar 
tives? Na 
What is the difference between astronòmical and terrestrial e mo 
telescopes? and 
f leng 
8. Explain the defects which occur,in the lenses, and how they 
can be removed? 
Explain the construction and calculate the magnifying power 7. Mo 
of Galilean cnc. “ 19 
cal 
$ ya (0. What Is the use ofh spectrometer?Explain its construction and th 
z r V 
: 8. F 
et 4cm tall is placed near the axis of a thin converg- 
sif the focal length of the lens ts 25 cm, where will e 
e be | and what will be the size of the image? ag 
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nS Two converging lenses of focal lengths 40 cm ang 

3. placed in contact. What Is the focal length of this rate a 

nation?What Is the power of the combination in Eta b 

9.22.2 cm,4.5 diopters) 

4. A converging lens of focal length 20 cm ts placed infront of a 

converging lens of focal length 4 cm. What Is the distance be- 

tween the lenses if parallel raya entering the first lens leave 

the second lens as parallel rays? Ans, 24 cm) 


5. <A parallel light beam ts diverged by a concave denis of focal 
length- 12.5 cm and then made parallel once more by a con- 
vex lens of focal length 50 cm. How far arè the two lenses 


popart. (Ans. 37.5 em) 

6. Two lenses are In contact,a converging one of focal length 30 cm 
and a diverging one of focal length -10 cm. What Is the focal 
length and power of the combination? 


(Ans. 15 cm, -6.7 diopters) 


agli 7, Moon light passes through a converging lens of focal length 
19 cm, which is 20,5 cm from a second converging lens of fo- 
cal length 2 cm:-Where is the Image of the moon produced by 
the lens combination? 


(Ans..14.5 cm from the 1st lens, 6 cm from the second lens) 


8. Find the distance at which an object should be placed in- 
_cfront of a convex lens of focal length 10 cm to obtain an im- 
“Mage of double its size? 


(Ans, 15 cm for producing a real image, 5 cm for producing beas, 
image). 


9. A compound microscope has a 12 mm focal length bce 
and a 75 mm focal length eye plece:. and the two paag 
mounted 200 mm apart. If the final image is 225 mm 


the eye pi ication produced? 3 
ye plece, what is the magn (ans.44) < 


B o> OAA A a 


of angular magnifiction 1000 
length. What 1s the focal lengy, 


a 


(Ans, 15 ™m) 


les cope has an objective of 120 nas length 
a of 50 mm focal length. If the image seen by 
18300 mmfrom the eye plece, what is OE magnin- © 
Ka 


Arg ae 66) 


0 nd microscope has an objective with a eal length 
mm and a tube 100 mm long. An image ts produced 
mm from the eye plece when the object is 12 mm from 


e. What is the angular magnification? 

(Ans. 31) 
lens of 4 dioptres.is combined with a diverging 
konmes: Find Lie power and focal length of the 
x» 

» 


To bination=2 dioptres; focal length of 
n 250 cm). 

forms Image of an object on a fixed screen 20 
. On magne | the lens 60 cm towards the ob- 


Wy * 


